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ABSTRACT

Ever growing global energy demand and the natural decline in oil production from
mature oil fields have been the main incentives to search for methods to increase recovery
efficiency for several decades. Water ﬂooding is extensively applied worldwide to improve
oil recovery. The recent drop in oil prices has turned the oil industry to the cheapest
improved oil recovery (IOR) techniques, such as low salinity (LS) waterflooding. Also, the
reduction in reservoir energy and the friendly environmental aspects of low salinity water
flooding (LSWF) provide additional incentives for its use. That LS water requires
decreasing only the active divalent cations such as Ca2+, Mg2+ and water salinity makes LS
water flooding a relatively simple and low expense IOR technique. The water chemistry
signiﬁcantly impacts the oil recovery factor. Wettability is one of the major parameters that
control the efficiency of water flooding. The primary mechanism for increased oil recovery
during LSWF in both sandstone and carbonate reservoirs is wettability alteration of the
rock surface from oil-wet to water-wet. LS water imbibed into the low water-wet zones,
the water wetness of the rock increased after injecting LS water, and in turn, microscopic
sweep efficiency enhanced too. The mechanism behind LS water flooding has been
extensively investigated in the literature but it still a topic of debate. The objective of this
research is to solve the controversy and show the following: (1) Water chemistry weather
partially or strongly determines the dominant wettability alteration mode. (2) The role of
divalent cations in the formation water and in the injected water. (3) Clay’s role for
incremental recovery. This research work seeks to quantify the effects of mineral
composition and water chemistry on water-rock interactions and wettability alteration.
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1. INTRODUCTION

1.1. PROBLEM STATEMENT AND BACKGROUND
The remaining trapped original oil in place in the oil reservoirs is 70%, which mean
only 30% of the OOIP has already been extracted (Kamranfar and Jamialahmadi, 2014).
Many factors cause vast amounts of oil to be trapped in oil reservoirs such as energy
depletion, heterogeneity, residual oil, high oil viscosity, fractures, and oil wet reservoir
rock. In order to extract more oil, solutions must be applied to overcome the previously
mentioned problems, such as secondary and tertiary oil recovery.
Many enhanced oil recovery methods (EOR) have been proposed in the literature.
These EOR processes could be chemical, thermal, and gas injection. Recently,
waterflooding has drawn attention as an emerging EOR process that could increase oil
recovery. Low salinity (LS) water is another form of waterflooding used to enhance oil
recovery by modifying the injected water compositions. LS water has been extensively
studied in the literature in attempts to significantly increase oil recovery (Tang and
Morrow, 1997; Austad et al., 2010; Austad, 2013; Awolayo et al., 2018; Nasralla et al.,
2014). The LS water flooding controlling function seems to be wettability alteration
through modification of oil and mineral surface interactions. Wettability of an
oil/brine/sandstone system is a significant factor that governs residual oil saturation.
Wettability of rock is defined as the tendency of one fluid to spread on the rock surface
when other fluid(s) is present (Craig, 1971). The mechanism behind LS water flooding has
been extensively investigated in the literature, but it remains a topic of debate. The salinity
of the water injected into the oil reservoirs was discussed decades ago by Smith (1942) and
Martin (1959). They both observed an increase in oil recovery while injecting fresh water.
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Numerous mechanisms of LS water have been proposed, such as fines migration of
clay particles with a linked crude oil component (Tang and Morrow, 1999), reduction in
interfacial tension and increased pH (McGuire et al., 2005), multi-component ion exchange
(Lager et al., 2006), minerals dissolution (Pu et al., 2010), organic material desorption from
the clay surface (Austad et al., 2010) (Figure 1.1), saponification (Morrow and Buckley,
2011), double layer expansion (Ligthelm et al., 2009), and electrostatic attraction reduction
between oil and clays edges (Brady and Krumhansl, 2012). There is no consensus by the
proposed mechanisms on the dominant recovery mechanism during low salinity water
injection into sandstone reservoirs, which is the objective of this study.

Figure 1.1. Proposed mechanism for low salinity EOR effects (Austad 2010).

1.2 OBJECTIVE AND EXPECTED IMPACTS
In order to meet the growing energy needs in today’s world, increasing oil recovery
from existing reservoirs is necessary. Generally, about 30-40% of the petroleum present in
known reservoirs is economically recovered with established technologies, which are
natural reservoir recovery mechanisms plus secondary recovery methods involving
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injecting water and/or gas. In order to increase oil recovery, tertiary recovery methods are
required, also referred to as enhanced oil recovery (EOR) or improved oil recovery (IOR)
methods.
We have not found previous research work on the effect of spatial distribution of
physical and chemical properties in the porous media on water-rock interactions during LS
water injection. To our knowledge no systematic experimental and especially numerical
studies have been carried out that consider all the possible water-rock interactions
simultaneously.
LS water is a cost-effective EOR technique that can alter the wettability towards
more water-wet, improve microscopic sweep efficiency and in turn decrease residual oil
saturation and increase oil recovery. LS water flooding offers a promising approach to
recovering significant additional oil which cannot be recovered by conventional
technologies.
The wettability alteration mechanisms during low salinity water-flooding in
sandstone reservoirs are even less understood than low salinity or sea water injection in
carbonate reservoirs. As mentioned previously, there is different proposed mechanisms
during low salinity water injection into sandstone reservoirs. Another crucial objective is
to present novel EOR techniques that combine LS water with other EOR techniques.
Combining EOR techniques provides advantages of the combined methods. Coupling LS
water flooding with other EOR techniques take advantage of the relative strengths of the
combined methods. The main goal of this work is to elucidate greater understanding of the
mechanisms of LS water flooding in sandstone reservoirs, with the aim of laying the
groundwork for better designed LS floods and for improved recovery using LS methods.
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The experimental observations of Tang and Morrow (1999) for LS water flooding set out
conditions for how LS water works. The conditions were:
(1) The crude oil must contain acid and base matters.
(2) Sandstone should contain clay such as illite and kaolinite.
After several years, McGuire et al. (2005) and Lager et al. (2006) added another
condition, which was:
(3) Divalent cations must be present in the FW. Lager et al. (2006) examined the
effect of LS water during brine injection into a sandstone oil reservoir that had
an identical amount of Mg2+ in the injected brine and formation water. The
observation from the experiment was that less Mg2+ was produced in the
effluent than the Mg2+ in the formation water due to the chemical reaction. Ca2+
has the same behavior. When Ca2+ and Mg2+ are hydrated in water, the
reactivity of both increases with temperature and decreasing the desorption rate.
Our investigations so far are the following:
(1) Are clays important for oil release? What the role of positively charged –
COOCa+ group when LS water injected to quartz with/without clays?
(2) This work proposes a new mechanism besides previously mentioned
mechanisms in the literature. We suggest that the high Ca2+ concentration leads
to “edge to face” agglomeration of the kaolinite plates to form higher volume
assemblages.
(3) This work presents a new mechanisms of the LS water flooding by investigating
the divalent cations effects in the injected water and formation water (FW).
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(4) This work suggests a new methods of coupling LS water flooding and different
EOR techniques. Combining LS water with other EOR techniques take
advantages of the relative strengths of the coupled techniques, which in turn,
provides higher oil recovery than if one of the combined method used.
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2. LITERATURE REVIEW

2.1. LOW SALINITY WATER FLOODING
LS waterflooding is a cost-effective and environmentally-friendly EOR method.
Around 15-20 years ago it was observed that higher oil recovery could be obtained when
cores and reservoirs were flooded with LS water. LS water can be obtained by lowering
the salinity of injected brine or by adjusting the ion concentration (so-called smart water).
Many papers have studied using LS water to alter the reservoirs wettability towards more
water-wet and increase oil recovery (Tang and Morrow, 1997, Tang and Morrow, 1999,
Zhang and Morrow, 2006; Austad et al., 2010; Yousef et al., 2011; Berg et al., 2010; Yi
and Sarma, 2012; Nasralla and Nasr-El-Din, 2014).
Many mechanisms have been proposed for the improved recovery benefits of LS
water, but there is no consensus of the dominant mechanism(s). Some of the proposed
mechanisms include: fines migration (Tang and Morrow, 1999), reduction in interfacial
tension (McGuire et al., 2005), pH increase (McGuire et al., 2005; Morrow and Buckley,
2011), multi-component ion exchange (Lager et al., 2008), double-layer expansion
(Ligthelm et al., 2009), desorption of organic material from clay surfaces (Austad et al.,
2010), mineral dissolution (Pu et al., 2010). It is believed that two or more of the
mechanisms may work together during LS water flooding (Yousef et al., 2011; Teklu et
al., 2015a).
Literature production on LS water flooding effects in sandstone has accelerated
significantly as can be seen from the number of studies published in the last couple of years.
Water-ﬂooding is extensively applied worldwide to improve oil recovery. It is documented
that water chemistry signiﬁcantly impacts the oil recovery factor (Morrow and Buckley,
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2011). In recent years, many researchers reported that the water flooding recovery factor
increased significantly by injecting LS water into sandstone reservoirs (Rezaeidoust et al.,
2011).
Wettability is one of the significant parameters that controls the efficiency of water
flooding. The wettability of a rock surface is determined by the thickness and stability of
the water film between the rock surface and the crude oil (Fathi et al., 2011). Altering the
wettability of parts of the rock surface from oil-wet to water-wet has been suggested as the
primary mechanism for increased oil recovery during LS water-flooding in both sandstone
and carbonate reservoirs (Rezaeidoust et al., 2009; Nasralla et al., 2013; Suijkerbuijk et al.,
2014).
LS water flooding is an eminent enhanced oil recovery technique due to its
performance, cost-effectiveness and the interesting results of oil recovery. LS water
flooding is an emerging EOR technique for both sandstone and carbonate hydrocarbon
reservoirs (Alhammadi et al., 2017; Chequer et al., 2019). Recently, the potential of LS
water has drawn the attention of the academic researchers and the oil industry.
Limited field applications of LS water flooding have been conducted (Webb et al.,
2004; Robertson, 2007; Vledder et al., 2010; Abdulla et al., 2013; Sheng, 2013, 2014; Erke
et al., 2016), while numerous studies, on the other hand, have been performed at the lab
scale (Tang and Morrow, 1999; Rezaeidoust et al., 2009; Alotaibi et al., 2010; Al-adasani
et al., 2012; Nasralla and Nasr-El-Din, 2014; Kakati et al., 2017).
Water flooding is a low-cost EOR technique that is considered to be more effective
than other EOR techniques. LS water is reported to be more economically feasible than
other EOR techniques and provides higher oil recovery (Sheng, 2014). LS water is able to
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better minimize residual oil saturation compared with regular water flooding (Yousef et
al., 2011). The extracted oil by LS water flooding is remarkable (Tang and Morrow, 1997;
Tang and Morrow, 1999a; Tang and Morrow, 1999b; Zhang and Morrow 2006; Austad et
al., 2010; RezaeiDous et al., 2011; Nasralla et al., 2013), which can be 40% of the OOIP
(Lager et al., 2008). Furthermore, LS water can be used as hot LS water and provide more
oil recovery, especially in heavy oil reservoirs (Ding et al., 2018).
LS water has been investigated in a wide range of reservoirs under different
petrophysical parameters and different conditions. The study of the effects of brine salinity
on oil recovery took place last 65 years ago. Many researchers have studied the LS water
flooding mechanisms in the few years. In general, water flooding can be considered as a
secondary recovery process. The main purpose of water flooding in the past is to prevent
formation damage by avoiding interactions between the brine in the reservoir and the
injected brine. EOR can be defined as oil recovery by injecting materials not normally exist
in the reservoir. In fact, this definition clarifies that LS water flooding is an EOR process.
In the water flooding process, changing the chemical composition of the injected material
can be considered either a secondary or a tertiary recovery method. Some past studies have
been done on LS water: studies on Bradford crude oil show less recoveries for fresh water
than for a brine by 40% (Smith 1942) and increase in recovery of heavy oil through the
injection of fresh water (Matin 1959). Higher recovery by LS water (Tang and Morrow
1999) and increased oil recovery by LS water was obtained for both field and laboratory
tests (Webb, 2004). Lager et al. (2006) suggested multicomponent ionic exchange (MIE)
as the main mechanism behind the incremental oil recovery observed during low salinity
waterflooding. They examined the effect of LS water injected into oil-saturated reservoir
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core samples on oil recovery and some factors governing the increased oil recovery. They
observed that the Mg+2 concentration produced less than the Mg+2 concentration injected,
although both injected and connate water had the same concentration of the Mg+2. They
explained this reduction in concentration to be due to the interaction between the injected
low salinity, the oil, and the rock surface. Pope et al. (1978) applied this theory to enhance
oil recovery in the 70s, but the best application was achieved by a hydrogeologist studying
the invasion of saline aquifers by fresh water. Lager et al. (2006) reported that the
concentration of Mg+2 and Ca+2 produced much lower than their concentration in injected
brine. This is evidence that Mg+2 and Ca+2 were retained by the rock matrix strongly. Filoco
et al. (1998) showed that in the presence of high salinity brine, the disjoining pressure will
decrease due to the screening of mineral surface charges, resulting in a less stable water
film that can cause film rupture and promote a decrease in water wetness. Xie et al. (1997)
showed lower contact angle at low salinity on quartz surface and thus it became more water
wet.

2.2. COMBINING TWO EOR METHODS
The beauty of using LS water is that it can be combined with other EOR
technologies such as chemical, miscible, and immiscible gas flooding. LS water flooding
can be combined with other EOR techniques such as coupling LS water with surfactant
(Khanamiri et al., 2015), polymer (Ayirala et al., 2010; Shiran and Skauge (2013)), and
CO2 (Dang et al., 2014; Teklu et al., 2016).
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2.3. LOW SALINITY AND STEAM FLOODING
Growing global need for hydrocarbons is motivating the oil industry to extract oil
from unconventional resources. These resources are termed “unconventional” due to the
inadequacy of present technologies to extract them. Therefore, it is necessary to search for
new technologies that can extract more unconventional resources to meet global
hydrocarbon needs (Hascakir, 2018).
Oil recovery from the heavy oil reservoir is low due to low reservoir temperature
and high oil viscosity. Most heavy oil reservoirs are shallow reservoirs. Water flooding is
the cheapest and simplest technique that can improve the oil recovery from oil reservoirs,
but it is considered an invalid candidate for the heavy oil reservoirs due to heavy oils being
more viscous than water; hence, a significant portion of the oil is bypassed by water
flooding (Seyyedsar et al., 2016). A number of thermal techniques (especially steam-based
techniques) including steam-assisted gravity drainage (SAGD) and cyclic steam
stimulation (CSS) have been employed to boost heavy oil recovery due to viscosity
reduction by heat.
Combining LS water flooding and steam flooding is a novel idea which takes
advantage of the relative strengths of both methods. LS water has been extensively studied
by many researchers with promising results. Steamflooding is also much studied for
applications particularly in heavy oil fields where recovery is increased by reducing the oil
viscosity. The density difference between steam and heavy oil raises difficult problems in
some reservoirs that can only be solved by injecting water with steam. In particular, those
problems are gravity override, channeling, and early breakthrough. Many heavy oil
reservoirs distributed around the world contain a huge, non–recoverable heavy oil.
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Reservoir heating methods, such as steam have been applied to recover the oil that cannot
be produced conventionally. Although there are numerous successful projects, high–
energy consumption and water squandering come along with steam flooding. Furthermore,
the steam gravity override always accompanies steam flooding (Figure 2.1).
Hong (1990) pointed out that “in early 1987, after only 16 months of steam injection
into the VE sands. Steam first broke through to a Pilot producer. The problem increased
rapidly and by early 1985, five Pilot wells were producing vapor phase steam. This early
steam breakthrough was attributed to high temperatures (over 240°F/ 116°C) present in the
VE sands even before steam injection began in those sands.”
Many trials have been conducted to use steam flooding to minimize the steam
problems and maximize the oil recovery (Ali, 1974). Water alternating steam process
(WASP) was one of the solutions to overcome the override problem. The first WASP pilot
was conducted in the West Coalinga field in California in 1973 (Hong, 1992). WASP was
capable of improving the injection front by supporting the steam with slugs of water. We
believe that using LS water instead of the water used in WASP provided more oil recovery.
LS water has a high potential to improve oil recovery (Nasralla and Nasr-El-Din, 2014).
Alomair et al. (2016) conducted an experimental study of how to merge nanofluids with
the steam flooding. They found out that combining 0.05 wt% ZrO2 with steam provided
the maximum recovery compared with other nanofluids.
There is limited information on steam flooding experimental work. Most of the
literature studied steam flooding by running numerical simulation studies. The simulation
study conducted by Ariza et al. (2016) on the Chuspas rocks in Colombia showed that
WASP is feasible project and that the steam oil ratio is decreased.
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Another hybrid technology has been presented by Nasr and Ayodele (2008). Hybrid
steam–solvent processes presented by the Alberta Research Council (ARC) have been
shown to minimize the operation costs and recover the heavy oil.
LS water flooding, on the other hand, showed an interesting results in the field trials
in improving oil recovery (Webb et al., 2004; Robertson, 2007; Lager et al., 2008). The
experimental studies showed a significant LS water EOR effect (Tang and Morrow, 1997;
Tang and Morrow, 1999; Zhang and Morrow, 2006; Austad et al., 2010, Yousef et al.,
2011; Berg et al., 2010; Yi and Sarma, 2012; and Nasralla and Nasr-El-Din, 2014).

Figure 2.1. Early breakthrough due to steam override (density difference between the
injected steam and reservoir fluids).

13
2.3.1. Thermal EOR. Thermal EOR utilizes thermal energy to elevate the reservoir
temperature, and in turn, reduces the in-situ oil viscosity (Bera and Babadagli, 2015).
Thermal EOR is an established method today used to produce significant quantities of oil
in North America and in the world. The most frequently thermal EOR used are steam
injection (huff and puff, steam drive, and steam assisted gravity drainage), hot water
flooding, and in situ combustion (fire flooding). Steam-based thermal EOR techniques are
limited to shallow reservoirs (3000 ft deep) (Taber et al., 1997). Oil production in the USA
using thermal methods has reached ~307K bbl/day as reported in the 2014 EOR survey
(Koottungal, 2014).
2.3.1.1. Cyclic steam stimulation (CSS). CSS was first applied in Venezuela in
the late 1950s. CSS is also known huff and puff. In this thermal EOR method, steam is
injected at a high pressure and temperature into a heavy oil reservoir, lowering the oil
viscosity, and allowed to soak inside the reservoir for a period, after which the steam is
then released for a production period. The oil production rate is highest after the soaking
period is over, decreasing over time until it requires more than one cycle to accomplish the
CSS job. The oil extracted via this thermal EOR method varies between 10-20% of the
original oil in place (Batycky et al., 1997). CSS can be applied to vertical and horizontal
wells (Escobar et al., 1997), extra heavy oil reservoirs up to 100,000 cP as in Alberta, and
solid oil (Gonzalez et al., 1997), where steam can dissolve the solid oil. Thick, tilted
reservoirs must not be included when designing CSS because gravity drainage is dominant.
2.3.1.2. Steam drive (Continuous Steam Injection). The ultimate oil recovery
exceeds 50% when using steam drive, which is better than CSS because the steam injected
covers more reservoir area than CSS and the physical displacement of the heavy oil occurs
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in a similar way to water flooding. The following advantages are obtained when using
steam drive: wettability alteration towards being more water-wet, precipitation reduction
and permeability enhancement, oil ¬thermal expansion, viscosity reduction, and activation
of solution gas drives (Britton et al., 1983).
2.3.1.3. Steam assisted gravity drainage (SAGD). As its name suggests, this
thermal EOR depends on two factors: steam and gravity. Two parallel, horizontal wells are
drilled with a short distance between them. The upper well is dedicated to steam injection
by gravity assistance, and the lower well heavy oil or bitumen will be heated up which will
ease its flow to the surface (Barillas et al., 2006).
2.3.1.4. In-situ combustion (ISC). ISC (or fire flooding) was first used in
Pennsylvania in the 1950s. This thermal EOR technique is not as popular as steam EOR
methods. Air is initially injected into the reservoir. After the air is ignited, the heat front
proceeds via the injected air; thus, the elevated temperature and the burning gases will
improve oil recovery (Akkutlu and Yortsos, 2002). The limitations of ISC include the
following: (1) Running this kind of thermal EOR is risky when applying it to carbonate
reservoirs because high heat may decompose the rock and produce CO2 as well as other
carbonate minerals that can transform into a powder and cause plugging. (2) Fractured
reservoirs are not good candidates for ISC because fractures can cause an early
breakthrough for the injected oxygen and lead to project failure.
2.3.2. Steam Injection. As noted, there are three types of steam injection: huff and
puff, steam drive, and steam assisted gravity drainage. This study focuses on the steam
drive. In the steam drive process, steam is injected into injection wells, and the recovered
oil is produced from producing wells. Even though the steam drive process requires more
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steam than the others, this method generally is often the optimal choice because it can
achieve higher oil recovery due to two mechanisms: (1) decrease in oil viscosity and (2)
physical displacement of the oil (similar to that in water flooding).
2.3.3. Hot Water Flooding vs. Steam Injection. Although the water driving power
is higher than steam driving power, the efficiency of how water flooding is less than steam
injection due to lower heat content (Bera and Babadagli, 2015). As with any thermal EOR
method, hot water is injected to reduce heavy oil viscosity and allow it to flow more
smoothly. Tremendous quantities of water are required to be injected into the heavy oil
reservoir to displace the oil and lessen its viscosity. Although the density of water is higher
than steam, which provides a higher sweep efficiency, the steam is more efficient than hot
water in extracting oil because of the steam’s high heat content. Hot water loses more heat
than steam while flowing inside the heavy oil reservoir.
2.3.4. WASP. Hong (1990) reported that “in early 1987, after only 16 months of
steam injection into the VE sands, steam broke through to a Pilot producer. The problem
increased rapidly, and by early 1985, five Pilot wells were producing vapor phase steam.
This early steam breakthrough was attributed to high temperatures (over 240°F) present in
the VE sands even before steam injection began in those sands.” Many have studied how
to lessen steam bypass problems in order to maximize oil recovery (Ali 1974). WASP was
an excellent candidate to address the overriding problem. The first WASP project was
performed in California (West Coalinga field) in 1973 (Hong 1992), where they alternated
steam injection with water in order to better sustain a flood front.
2.3.5. Low Salinity Alternating Steam Flooding (LSASF) vs. WASP. Using LS
water instead of regular injection water used in WASP provided an extra advantage for the
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fluid combination using LSASF. LS water has a higher potential to improve oil recovery
through altering wettability towards more water-wet (Nasralla and Nasr-El-Din, 2014).
2.3.6. Wettability Alteration by LS and Steam. Wettability is an important
consideration when designing a LS waterflood. Wettability can be defined as the preference
of a solid surface to be wetted with one fluid rather than other fluids in the system.
Wettability of the rock depends on formation water (FW) composition, injected water
composition, mineralogy, physical and chemical properties of the crude oil, and
temperature (Morrow, 1990a). A primary mechanism of LS water flooding is that it alters
the wettability of the rock into more water-wet (RezaeiDoust et al., 2011). By shifting to a
more water-wet condition, more oil can be recovered.

2.4. LOW SALINITY AND CO2 FLOODING
LS water flooding and CO2 flooding are two new combination floods coupled due
to the vital role of both in methods for increasing oil recovery. As mentioned previously,
LS water was examined by many laboratory and field works, and it showed an impressive
result in enhancing oil recovery. CO2 was tested on increasing oil recovery, and the oil
recovery increased by improved wettability alteration effect towards more water-wet and
interfacial tension reduction. Although CO2 showed an improvement in oil recovery, the
density difference between CO2 and oil resulted in gravity override and channeling
problems. LS water alternating CO2 flood gathers the benefits of LS itself to improve sweep
efficiency by CO2, prevent the CO2 problems mentioned earlier, and capture the CO2 from
the atmosphere. Furthermore, miscible CO2 flooding can reduce oil viscosity and trigger
oil swelling. The ever-growing need of energy resources requires provision of crude oil by
applying new EOR techniques. CO2 flooding is one of the EOR techniques considered
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along with LS water flooding as the most applicable EOR methods. LS water is an EOR
method proven to improve oil recovery by altering the reservoir wettability towards more
water-wet conditions. CO2 flooding is most economically and technically feasible EOR
technique. Combining LS water flooding and CO2 flooding is a feasible technique that
takes advantage of the relative strengths of both methods. CO2 flooding is widely studied
and has provided a high oil recovery (Pyo et al., 2003; Picha, 2007; Shoaib 2009; Wang et
al., 2010; Cao and Gu, 2012; Yongmao et al., 2014; Ghasemi et al., 2017). CO2 flooding
is feasible particularly in heavy oil fields where recovery is increased by reducing the oil
viscosity.
The density difference between immiscible CO2 and heavy oil raises difficult
problems in some reservoirs that can only be solved by injecting water with CO2. In
particular, those problems are gravity override, channeling, and early breakthrough
(Christensen et al., 2001). On a density basis, steam somewhat acts like CO2 flooding by
the low density compared to the crude oil density and in particular heavy crude oil. Gas
injection significantly increases oil recovery. CO2 injection resulted in a remarkable
improvement of oil recovery (Alvarado and Manrique, 2010). Numerous kinds of CO2
processes have been offered, such as miscible and immiscible injection and carbonated
water flooding. However, the sweep efficiency of the gas injection is not high, especially
in heavy oil reservoirs. The mobility ratio is relatively unlike that between CO 2 and the
heavy oil, so conventional gas flooding resulted in low oil recovery. To overcome the weak
sweep problem, water-alternating-CO2 (WAG) was used (Stalkup, 1983). The injected
water in WAG is regular water used for improving the sweep efficiency of the injected
CO2. Using LS water instead of regular water provides an extra benefit of altering the
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reservoir rock wettability, and in turn, more oil recovery is obtained. The first combined
miscible CO2-LS water flooding was presented by Dang et al. (2014) followed by Teklu et
al. (2015b) and Teklu (2015, 2016). To our knowledge, no systematic study has been
carried out that considers immiscible CO2-LS water flooding in sandstone bearing heavy
oil.
The WAG process is conducted by injecting CO2 into the reservoir and then
injecting water right behind the gas, with the injecting water playing a chasing role. The
WAG process is performed as follows: gas is injected into the reservoir, resulting in oil
swelling and reduction in oil viscosity and thus increasing the mobility of the oil; in
addition, the gas will reach pores that water cannot enter, and in turn, increase oil recovery.
Water flooding also enhances the oil recovery due to the improvement of the
viscous force. WAG is used to control water mobility by stabilizing the displacement front
during water injection and improve microscopic and macroscopic sweep efficiencies
(Hadlow et al., 1992; Christensen et al., 2001; Alvarado and Manrique, 2010; Fatemi et al.
2013). On the other hand, in order to reduce the anthropogenic greenhouse-gas emissions,
CO2 geological storage has been proposed. Many applications for CO2 geological storage
exist, such as injecting CO2 into depleted hydrocarbon reservoirs, enhanced coalbed
methane recovery, and EOR operations. CO2 injection has been extensively studied by
many researchers and has resulted in large oil recoveries. Injecting CO2 alone experienced
an early breakthrough problem, which is unfavorable in CO2 sequestration projects. CO2
must be kept inside the oil reservoir. This pushes researchers to combine water with CO2
flooding to improve the sweep efficiency. Combining CO2 with LS water could also help
to keep CO2 inside oil reservoirs.
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Water flooding has been extensively used in secondary oil recovery. A new era of
water flooding has begun in the last two decades, and water has entered the tertiary oil
recovery categories. LS water flooding improved the oil recovery, although the mechanism
investigations of LS water have not yet been resolved (As discussed previously). The field
applications of LS water flooding improve the oil recovery as observed by Webb et al.
(2004) and Lager et al. (2008). Enhanced oil recovery by applying LS water is observed in
the experimental works of Austad et al. (2010); Seccombe et al. (2010); Reinholdtsen et al.
(2011); Aksulu et al. (2012); RezaeiDoust et al. (2011); Piñerez et al. (2016). Back to the
first use of LS water, Martin (1942) examined seawater and freshwater, and the oil recovery
was higher with LS water. Since that time until 1990, during his experimental work on the
effect of crude oil, brine, and rock (CBR), Morrow (1990a) found that LS water can
increase oil recovery significantly. Since that time, a significant number of studies have
been published regarding LS water.
All published literature is agreed with the vital role of LS water in increasing oil
recovery. One of the properties of LS water is it can be combined with other EOR
techniques to gather the benefits of the combined methods. LS water was coupled with the
polymer, surfactant, and steam to gather the benefits of LS water and other EOR techniques
(Ayirala et al., 2010; Khanamiri et al., 2015).
CO2 flooding is extensively discussed in the literature. The oil recovery by CO2
injection is high due to oil swelling and reduced oil viscosity as well as the wettability
alteration (Stalkup, 1987). However, due to the poor sweep efficiency of the CO2 because
of the density differences with the in-situ crude oil, CO2 was combined with water (water
alternating gas [WAG]) to improve its sweep efficiency and to minimize the cost (Stalkup,
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1983). The water used in WAG is regular water, which means not LS water (i.e., the
primary function of the water in WAG is to improve CO2 sweep efficiency). By replacing
the regular water used in WAG with LS water, a higher oil recovery could be attained
because of the double EOR effect. This double EOR effect includes wettability alteration
by LS water as well as the main function, which is improving CO2 sweep efficiency and
the CO2 benefits mentioned previously.
Interfacial tension (IFT) is the main factor in some of the EOR processes. During
water flooding, capillary forces trap oil, which in turn, increase residual oil saturation. In
order to unlock the trapped oil, IFT must be lowered. CO2 can reduce IFT.

2.5. WETTABILITY
Today, the main emphasis for enhanced oil recovery is wettability. The proposed
EOR/IOR techniques were focused on how to alter the reservoir wettability to water-wet
to reduce the affinity of oil and increase oil recovery. Many different proposed methods
have been presented for measuring the wettability of the reservoir rocks, but the most
famous techniques were Amott-Harvey (Amott, 1959), USBM (Donaldson et al., 1969),
and contact angles methods (sessile drop method) (McCaffery, 1972). The importance of
wettability to oil recovery is demonstrated by the fact that oil recovery from water-wet
reservoirs is generally greater than the recovery from oil-wet reservoirs (Coley et al., 1956).
Kennedy (1955) showed that the oil recovery from strongly water-wet and oil-wet
reservoirs is smaller than recovery from neutral wettability reservoirs. Amott (1959)
developed a method to measure the wettability of the core by immersing the core in oil,
letting it rest about 20 hours, and then measuring and recording the spontaneous water
displaced (Vwsp). Next he centrifuged the core in oil and record the displaced water volume
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which is represent the irreducible water saturation. Finally, he summed the total displaced
water (Vwt) from both procedures. The procedure was repeated except with water until Sor,
Vosp and Vot were obtained. The displacement by oil ratio and water ratio was represented
by δo = Vwsp / Vwt ; and δw = Vosp / Vot. The “Amott-Harvey relative displacement index” is
a modified Amott test which adds a preliminary step before conducting the Amott
procedure. The core is initially centrifuged in brine and then in crude oil to reduce S wirr; the
Amott-Harvey index is then determined by subtracting displacement by oil ratio from
displacement by water ratio: I= δw - δo. (Boneau and Clampitt, 1977; Trantham and
Clampitt, 1977). The USBM wettability index is based on the difference in work between
the wetting and non-wetting phases—where the necessary work for wetting phase to move
the non-wetting phase is smaller than the work needed for the non-wetting phase to displace
the wetting phase. Likewise, that work has a direct link into the area below the capillary
pressure (Pc) curve: the smaller the area under Pc, the more water-wet is the rock
(Donaldson et al., 1980; Donaldson et al., 1981). The ratio of the area under the oil curve
(A1) to the area under the brine curve (A2) is the USBM wettability index. W = log (A1/A2)
It’s important to mention that Gatenby and Marsden (1957) were the first author
who used the area below the Pc curve to determine wettability. The contact angle method
to measure wettability is the best if a pure fluid and an artificial core are used, but this has
limited value for reservoirs since neither reservoir fluids nor rocks are pure. Many contact
angle methods have been examined in the literature, but only a few of these are applicable
on oil reservoirs. The clay wettability also cannot be measured by sessile (McCaffery,
1972) or modified sessile methods (Leach et al., 1962). The contact angle varied (0 – 75°)
for water-wet, (75 – 120°) for neutrally wet, and (120 – 180°) for oil-wet.
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Kowalewski (2003) presented a new quantitative wettability method based on Cryo
Environmental Scanning Electron Microscopy (Cryo-ESEM) and compared the results
with the Amott and USBM methods. The results showed sandstones wettability altered
from water-wet towards mixed wetting as the aging time in crude oil increased
(Kowalewski et al., 2003).
Wettability measurement above room temperatures has seldom been examined. Xie
et al. (2017) showed that increasing reservoir temperatures make the rock less water-wet.
The experimental work on kaolinite bearing sandstone showed that as the temperature
increased, the contact angle was also increased, but water chemistry had the major
influence on the contact angle. Three water types were used in the experiment formation
brine (~142,000 ppm), softened brine (~142,000 ppm, zero Ca2+, and Mg2+), and low
salinity water (~1,400 ppm). The contact angle increased from 53 to 63 using formation
brine when the temperature increased from 60 to 140°C, while it increased from 39 to 42
using softened brine, and increased from 28 to 33 in the presence of LS water (Xie et al.
2017).
Strand (2006) presented a new wettability method for chalk outcrop cores based on
the chromatographic separation between a tracer and a potential determining ion to chalk
SO42-. The effluent concentration of the ions divided by the injected concentration was
plotted with the injected pore volume (PV) in order to measure the area between the two
curves divided by the area of the same two curves but for the 100% water saturated core,
which represents a new wettability index. Wettability index varied between 0 for strongly
oil-wet, 0.5 for neutral, and 1 for strongly water-wet (Strand et al., 2006).
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ABSTRACT

Clays in sandstone are thought to be a key factor in low salinity (LS) water flooding.
This study investigates the effects of quartz, kaolinite and illite in LS water flooding in
synthetic sand columns as a function of temperature. Four chromatography columns
containing different amounts of pure quartz sand, illite, and kaolinite (100% quartz sand;
95/5% sand/illite; 95/5 sand/kaolinite; and 95/2.5/2.5% sand/ illite/kaolinite). The use of
these synthetic columns gives full control over mineralogy. These columns were saturated
with high salinity (HS) formation water with 0.01 molar (M) sodium acetate and aged for
a week at 70°C. They were then flooded with waters (yes, the use of water to displace
water) with various salinities at four different temperatures (25, 70, 90 and 120 °C).
Effluent concentrations of Ca2+ and acetate (CH3COO–) and pH were measured. This is a
novel experimental design, where formation water containing sodium acetate is flooded
with waters of varying salinity to gain insight into LS flood performance and possible
recovery mechanisms. The hypothesis pursued here is that the behavior of the acetate ion
(attached to matrix minerals during the aging process and then released due to ionic
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exchange) in an LS flood would provide a valuable analog that would simulate the bonding
of carboxylic acids in crude oils with reservoir matrix minerals (and subsequent desorption
during LS flooding). Key results include the following: (a) Our hypothesis was correct—
the use of Na acetate behaved analogously to carboxylic acid, giving useful insights; (b)
The quartz-only column showed strong evidence (elevated pH, presence of Ca2+ and
acetate in effluent) of ionic exchange due to LS flooding, showing that pure quartz is
responsive to LS flooding and that clays are not absolutely needed; (c) Quartz plus kaolinite
plus illite gave a slightly higher response than pure quartz so clays can play a role. Oil
displacement results were also done for a pure quartz sand column, and this showed a
strong response to the LS flood, confirming that clays are not absolutely needed.

1. INTRODUCTION

In the past two decades, many studies have shown notable increase in oil recovery
due to flooding with low salinity (LS) water (Tang and Morrow, 1997; Tang and Morrow,
1999; Zhang and Morrow, 2006; Austad et al, 2010, Yousef et al, 2011; Berg et al., 2010;
Yi and Sarma, 2012; Nasralla et al., 2014). Additionally, numerous field pilots have been
conducted which show improved of oil recovery when using LS water (Webb et al., 2004;
Robertson, 2007; Lager et al., 2008; Vledder et al., 2010).
Research continues in these areas because the exact mechanisms of recovery
improvement are still not fully understood, and researchers still seek to better ascertain the
perfect recipe(s) for LS waterflooding in various cases of mineral composition in cores,
various oils and various temperatures.
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Wettability alteration of parts of the rock surface from oil-wet to water-wet has
been suggested as the primary mechanism for increased oil recovery during LS water
flooding in sandstone reservoirs (e.g. Rezaeidoust et al., 2009; Nasralla et al., 2013;
Suijkerbuijk et al., 2014). Additional proposed mechanisms of LS waterflooding in
sandstones include mineral dissolution (Pu et al., 2010), multi-component ion exchange
(Lager et al., 2008), double-layer expansion (Ligthelm et al., 2009), desorption of organic
material from clay surfaces (Austad et al., 2010), reduction in interfacial tension (McGuire
et al., 2005), and fines migration (Tang and Morrow 1999). Production apparently depends
on the presence of clays in the reservoir (Tang and Morrow 1999; Lager et al., 2008).
However, there is no consensus on the dominant recovery mechanism (Nasralla et al.,
2013; Austad et al., 2010; Rezaeidoust et al., 2011). This may be because several
simultaneous processes contribute to the overall performance of the flood. To our
knowledge no systematic experimental and numerical studies have been carried out that
consider the most important water-rock interactions in sandstones simultaneously.
The chemical composition of the injected water is a significant controlling
parameter (Rezaeidoust et al., 2009; Austad et al., 2010; Rezaeidoust et al., 2011).
Reservoir chemical heterogeneity may also play a role. Experimental and field scale
projects indicate that incremental oil recovery by LS water injection vary significantly
case-by-case in both carbonates (Zhang et al., 2007; Yousef et al., 2012) and sandstones
(McGuire et al., 2005; Lager et al., 2008). Minerals in natural porous media are typically
distributed unevenly with random spatial patterns, ranging from uniform distribution to
clustered minerals (Barber et al., 1992; Zinn and Harvey 2003). On one hand, physical
heterogeneity changes flow fields and therefore spatial distribution of ions (Heidari and Li
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2014). On the other, chemical heterogeneity changes mineral dissolution rates (Salehikhoo
et al., 2013; Li et al., 2014) and adsorption/desorption (Wang and Li 2015). The
combination of physical and chemical heterogeneity might therefore affect water-rock
interaction (injected brine interaction with rock surface) and wettability alteration.
However, the effect of spatial distribution of reservoir physical and chemical properties on
water-rock interaction and wettability alteration during LS water injection has not been
fully considered. Xie et al. (2017) revealed that increasing reservoir temperature make the
rock less water-wet. Formation water salinity, mineral structures, and temperature
considerably impact the wettability alteration while flooding by LS water in sandstone
(Aghaeifar et al., 2015).
The experimental observations of Tang and Morrow (1999) suggested conditions
for chemical mechanisms for enhanced oil recovery by LS water flooding, those conditions
are: (1) clay must exist in the sandstone core and (2) crude oil must contain organic
materials. The presence of clay have recently been questioned by Sohrabi et al., 2017; Song
and Kovscek, 2015; Bartels et al., 2016. However, in Sohrabi et al. (2017) and Song and
Kovscek (2015) the dependency of the presence of clay was not investigated, and in Bartels
et al. (2016), Montmorillonite was only used, not illite and kaolinite. Kaolinite and illite
clay minerals are generally found in sandstones, studying both clays with quartz providing
more reliable and dependable results to decode the LS water flooding mechanism. In
addition, the previous works were done in micromodels while this study utilizes 3D system
(sand columns). This paper seeks to quantify the effects of mineral composition and water
chemistry on water-rock interactions and wettability alteration during LS water flooding in
synthetic sand columns. We aim to identify the dominant process of wettability alteration
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by considering the most likely water-rock interactions simultaneously, and show the
following:
(1) Water chemistry (salinity, pH, ion identity and concentration) strongly
determines the dominant wettability alteration mode.
(2) Pure quartz sand columns show strong evidence for ionic exchange, acetate
release, and thus are responsive to LS flooding.
(3) Clays still play a role in incremental recovery, but are not absolutely essential
to the mechanism.
(4) Saturating the column with HS formation water containing sodium acetate and
displacing this with HS formation water without acetate followed by an LS flood shows an
LS response that is a useful analog to flooding oil (with its carboxylic acid group) with LS
water, and can lead to useful insights.
We examine the mechanism(s) of LS water flooding in sandstone with and without
clays as a function of temperature using four chromatographic columns containing different
percentages of quartz and clays.

2. METHODOLOGY

2.1. FLOW THROUGH EXPERIMENTS
Water-rock interaction experiments were carried out in synthetic sand columns
(chromatography columns) as shown in Figure 1. To simulate sandstone rocks, the
dominant phase was quartz and the trace phases were clay minerals–illite and/or kaolinite.
Experiments were done at 25, 70, 90 and 120oC.
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2.2. MATERIALS
Clays were purchased from Ward’s Natural Resources. Rock specimens of quartz,
illite, and kaolinite were ground and washed twice with deionized water and dried
overnight in an oven at 70oC. The powders were then sieved and different ranges of grain
sizes were separated. Quartz was sieved to 120 mesh; illite and kaolinite were sieved to
320 mesh. Mineral surface areas were determined by N2 gas sorption using the BrunauerEmmett-Teller (BET) method (Micromeritics ASAP-2020 surface analyzer). Specific
surface area (SSA) for quartz is 0.31 m2/g, 6.37 m2/g for kaolinite, and 3.12 m2/g for illite.
Four chromatography columns were set up containing different amounts of sand, illite, and
kaolinite (100% sand; 95/5% sand/illite; 95/5% sand/kaolinite; and 95/2.5/2.5% sand/
illite/kaolinite). Mixing was done overnight with a mechanical mixer to achieve a
homogeneous grain distribution.

2.3. COLUMN PACKING
As shown in Figure 1, transparent columns with dimensions of 1.5 cm diameter by
6.5 cm length were packed with minerals. In order to prevent the trapping of air bubbles in
the porous media, which can change the hydraulic conductivity, wet packing was done
according to the method described by Minyard and Burgos (2007). The packing was done
layer by layer to remove air and to establish different zones of different minerals. All
connections to the cell and sampling ports were covered with a fine filter to prevent mineral
grains from flowing out of the system.
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2.4. BRINES
Salts were purchased from VWR. High salinity (HS) brine was made by dissolving
reagent grade NaCl and CaCl2 in deionized water, and LS water was made by dissolving
reagent grade NaCl in deionized water. Brine compositions are listed in Table 1. The
density and viscosity of HS and LS water are 1.08 gm/cc, 0.99 gm/cc, and 1.1 cP, 0.89 cP,
respectively.

Figure 1. Schematic of flow cell.

Table 1. Composition of Brines (mol/l).
Element

HS Water

LS Water

Na+
Cl–
Ca2+
Acetate (in aging HS water)
TDS
Salinity
IS
pH
TDS: Total Dissolved Solids; IS: Ionic Strength

1.50
1.65
0.089
0.01
98.32
98320
1.7546
7.63

0.01673
0.0165
0
0
1.182
1182
0.023515
7.02
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Table 2. Column Description.
Column#
1
2
3
4

Illite
(wt %)
0
5
0
2.5

Kaolinite
(wt %)
0
0
5
2.5

Quartz
(wt %)
100
95
95
95

DI, (cm)
1.5
1.5
1.5
1.5

Length,
(cm)
6.3
6.3
6.3
6.3

k, (md)
602
255
1.5
7.7

Porosity,
(fraction)
33.64
37.59
35.69
34.53

2.5. CRUDE OIL
Most of the flow tests were HS and LS waters displacing HS water containing
sodium acetate. But a final flow test was performed with a quartz sand column saturated
with crude oil and connate water. A reservoir crude oil was used in this part of the
experiment. The crude oil was diluted in the volume ratio 40/60 heptane/crude oil. The
crude oil was then filtered through a 4.5 μm Millipore filter. No precipitation of asphaltenes
was observed after diluting with heptane. The viscosity of the oil was 14 cP. at 20°C, the
density is 0.815 gm/cc at 20°C, TBN is 1.14 mg KOH/g, TAN is 0.66 mg KOH/g.

2.6. WATERFLOODING
The waterflooding procedure was conducted according to the method described by
Aksulu et al. (2012). After packing, the systems were flushed by 6 PV HS water (with 10
μmole sodium acetate added just for this saturation and aging step) and then aged (isolated
system) for a week under pressure at 70°C. This was done to maximize sorption of
carboxylic material to the surface of the rock to simulate bonding of oil-bound carboxylic
material to reservoir rock minerals. The system was then flooded with HS water (~100,000
ppm) until a stable pH value was recorded in the effluent. Next, the injection fluid was
switched to LS water (~1100 ppm) while the flooding rate was kept constant. When a stable
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pH was obtained in the effluent fluid, the injected fluid was switched back to HS water
until pH stabilized. Fluids were pumped upward from the bottom of the columns using a
syringe pump; effluent samples were collected at the top by a fractional collector to obtain
exact effluent volume. Effluent samples were analyzed for pH, Ca2+, and acetate to look
for evidence of an ionic exchange response which would be indicated by simultaneous
elevated pH, Ca2+ and acetate concentrations during the LS stage of flooding. This allows
us to isolate the important water-rock reactions occurring in the absence of an oil phase.
The flow rate was 0.5 ml/min which was the same at all stages with a back pressure of 150
psi to avoid boiling. After each experiment, the column was re-saturated and again aged at
the same condition for a week to restore the sample to the initial conditions. The whole
system was operated inside an oven set to the temperature of interest.

2.7. EFFLUENT ANALYSIS
Ca+2 concentrations in the effluent were measured using an inductively coupled
plasma–optical emission spectroscopy (Perkin Elmer 2000D ICP-OES). Effluent acetate
concentrations were measured using a Dionex DX-120 ion chromatography setup. The pH
was measured using Symphony B10P pH meter from VWR. The pH measurements were
conducted on each 3 ml of sample which were collected by the fraction collector. The
calibration was done using three buffers (4, 7, and 14). Figure 2 shows the measurement
error of the pH gradient and chemical analyses at different temperatures. Figure 3 shows
the process flowchart.
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2.5

pH gradient

1.5
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0.5
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25°C
70°C
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Chemical Analyses, μmole
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0.4

90°C
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0.3

0.2
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0

Figure 2. Error Bars for (a) pH gradient measurements (b) Chemical analyses of both
Ca2+ and acetate.

Figure 3. Flowchart for the processes.
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3. RESULTS

3.1. QUARTZ COLUMN
Figure 4 shows an increase in pH with LS water flooding of the column containing
only quartz sand. High flow rates required longer pH equilibration times. The upward shift
in effluent pH difference between HS and LS water is traditionally ascribed to exchange of
H+ for Ca2+ on clay surfaces (Aksulu et al., 2012; Brady et al., 2015). We observed the
same trend in the absence of clay and attribute it to H+ exchange for Ca2+ and Na+ sorbed
to negatively charged quartz surface sites, written as >Si-O.
Ca2+ desorption occurred at all temperatures (Figure 5), but desorption does not show a
clear trend above 90ºC. LS brine has no Ca2+, therefore anything above zero is desorption.
Figure 6 shows effluent acetate release from cores that were aged in HS water
containing 10 μmole sodium acetate for a week at 70 ºC. Again, to magnify sorption of
carboxylic matter to the surface of the quartz (to simulate the bonding of oil-attached
carboxylic groups to reservoir surfaces) core aging in HS water contained acetate was
conducted. There is no clear link between increasing temperature and detachment of acetate
by LS water.
The quartz surfaces and carboxylate are both negatively charged, so carboxylate
should be repelled from the quartz surface, unless it forms a positively charged –COOCa+
group, able to bridge with the quartz surface as shown schematically in Figure 7, and the
reaction >SiO– + Ca+2 + COO– ↔ >SiOCaCOO. The results in Figures 4-6 suggest that
when LS water invaded the quartz sand column, the reaction above moved from right to
left because of decreased Ca+2 levels.
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The acetate was used instead of oil because carboxylic acid is an important reactive
group which affects the affinity of oil towards rocks. This allows us to isolate important
water-rock reactions occurring in the absence of an oil phase. Following the acetate test,
an oil recovery efficiency test was conducted on the same Quartz column (Figure 8). The
oil displacement results agreed with acetate detachment observations. The ultimate oil
recovery during HS waterflood at 0.5 ml/min flowrate reached a plateau at 48% of the
OOIP at 25°C. Upon switching to LS water, the improved oil recovery was 6% at the same
temperature and 0.8, 4, and 2.4% of the OOIP at 70, 90, and 120°C.
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Figure 7. Schematic of –COOCa+ binding to quartz.
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3.2. QUARTZ + ILLITE
The permeability of the Quartz+Illite column is lower than the Quartz column
(Table 2) probably because of illite blocking pore throats. Figure 9 shows effluent pH
during the Quartz+Illite runs. As in the Quartz runs, LS water causes a pH jump signifying
ion exchange. As temperature increased, desorption of Ca2+ increased (Figure 10). Release
of acetate was about the same at 25, 70, and 90ºC, but more acetate was released at 120ºC
(Figure 11).
The pH shift in the Quartz+Illite column was similar in magnitude to that observed
in the Quartz column. Ca2+ desorption was less at 25, 70, and 90ºC, but higher at 120ºC.
Carboxylate release was less than that observed in the Quartz column except at 120oC.
Figure 12 shows a normal pressure trend at 25, 70, and 90°C, but the pressure increased
noticeably at 120°C due to the stoichiometric release of Si, Al, and K from illite above
100°C (Smith et al., 2017). Release of the illite components led to reduced permeability
and increase in pressure.

3.3. QUARTZ + KAOLINITE
The permeability measured in the HS brine was low probably because of migration
and blocking of permeability by kaolinite fines, or by Ca-agglomerated kaolinite plates.
The low salinity fluids contained no Ca2+; hence less bridging or agglomeration occurs.
Usually pressure increases during a LS water flood either because of kaolinite fines
movement or movement of the oil. To investigate the reasons behind the increased pressure
and the low measured permeability by HS water, identical quantities of kaolinite were
soaked separately in HSW, LSW, and DIW (Figure 13).
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The three tubes were then centrifuged and left overnight. As can be seen from
Figure 13, kaolinite soaked in HSW expanded from its original volume relative to the
others. Since kaolinite is not a swelling clay, we believe the high Ca2+ concentration led to
“edge to face” agglomeration of the kaolinite plates to form higher volume assemblages.
Kaolinite platelets have negative charges on faces and positive charge centers at the edges.
By adding Ca2+ kaolinite platelets then they can agglomerate with face to edge orientation.
This might have thus led to the reduced permeability, and increase in pressure.

Figure 13. Kaolinite soaked in HSW, LSW and DIW (a) at the start of the test and (b)
after soaking overnight.

The LS effluent pH jump in Quartz+Kaolinite increased with temperature, opposite
to what was observed in the other columns (Figure 14). Desorption of Ca2+ was about the
same at all temperatures except at 90ºC (Figure 15). The trend of acetate release from the
core followed that of Ca2+ (Figure 17), but is less clear as a function of temperature. The
noisy data in Figure 17 at 90°C was might be due to measurement error, while the second
HS Ca2+ noisy trend in Figure 15 at 90°C was due to the column being flooded with HS
water containing NaCl only to further investigate of Ca2+ agglomeration. Acetate release
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from Quartz was greater than from Quartz+Kaolinite which was itself higher than from
Quartz + Illite, except at 120oC.
As mentioned previously, as temperature increases the pH gradient tends to
decrease, but in the case of Quartz+Kaolinite the opposite occurred. So, the decision was
made to rerun the flooding for Quartz+Kaolinite, but the results were the same. Figure 16
shows a large increase in pressure while HS water flooding due to kaolinite developed a
high potential to migrate and captured in the pores and agglomeration of Ca2+ between
kaolinite layers. The pressure dropped while LS water flooding because LS water has no
Ca2+.
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3.4. QUARTZ + ILLITE + KAOLINITE
The permeability in this column was also low but higher than in Quartz+Kaolinite
(Table 2). As pointed out previously, kaolinite and illite do not swell (Osacky et al., 2015),
but they have a tendency to migrate, and they were captured by pore throats. Also, HS
water has a high concentration of Ca2+, which tends to agglomerate kaolinite in layers.
Those two reasons were the factors that led to the low permeability because both blocked
the intergranular pathways (Figure 13 for kaolinite). The same soak test was conducted for
illite, but there was no expansion in illite in the three types of water used (HSW, LSW, and
DIW), confirming that there was no agglomeration of Ca2+ between illite layers (Figure
18). The HS sample tube is blurred because of the calcium adsorption on the illite surface
due to the higher concentration of the Ca2+ in HS water.
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Figure 19 shows a significant pH jump with LS water flooding, likely from ion
exchange. Figure 18 shows an increasing trend of Ca2+ desorption with temperatures. As
temperature increased, the acetate release increased, too (Figure 22). The pH gradient
values were in order with the temperature. The pH gradients were less than in Quartz and
Quartz+Illite at all temperatures, but more than in Quartz+Kaolinite. Recall this column
contains half as much kaolinite as Quartz+Kaolinite. Desorption of Ca2+ and acetate release
were the highest among the three previous columns. On the other hand, the highest Ca2+
desorption and carboxylate release were at 120°C, confirming that a higher ion exchange
occurred on the surfaces of kaolinite, illite, and sand while the flooding switched to LS
water. Even though the results of carboxylic material fluctuated, it stabilized at the end.
Comparison is shown in Figure (23-24)

Figure 18. Illite soaked in HSW, LSW and DIW (a) at the start of the test and (b) after
soaking overnight.
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4. DISCUSSION

The most significant result of this study was that when displacing a HS formation
water with sodium acetate from synthetic sand columns with HS water followed by LS
water, we see elevated pH, elevated levels of Ca2+ due to desorption, and elevated levels
of acetate, thus indicating ion exchange and an LS waterflood response. At all temperatures
in Quartz+Illite+Kaolinite, desorption of Ca2+ was high enough to lower the affinity of
carboxylic materials towards clay surfaces and quartz. The highest carboxylic release was
at 120°C, confirming the role of illite of releasing elements (like Si, Al, and K) in
improving acetate release above 100°C. Ion exchange and fines migration were the two
most important factors for clays. Quartz also had a good acetate release and Ca2+ desorption
on its own (as discussed in Quartz). So, these three minerals combined together to improve
LS EOR effect in sandstone, but ion exchange and acetate release on the sand surfaces also
occurred (Table 3).
Oil displacement tests (see Figure 8) showed incremental recovery similar to the
single-phase flow results in the Quartz columns. It is worth mentioning that when illite and
kaolinite are present with sand in the porous media, these produce pH changes which are
inversely proportional to temperature changes. On the other hand, an obvious increase in
pressure occurred at all temperatures (except 90ºC) due to Ca2+ agglomeration between
kaolinite layers and fine migration for illite and kaolinite. The low pressure in the first HS
water flooding at 90°C occurred because during the aging week, Quartz+Illite+Kaolinite
was flushed by 30 ml HS water (without CaCl2) to displace the agglomerate Ca2+ under
kaolinite plates. The cation exchange capacity (CEC) of pure quartz is much less than the
CEC's of clay minerals. The CEC's of kaolinite and illite are 3-15 (kaolinite) and 10-40
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(illite) meq/100 g. Quartz CEC's are probably at least an order of magnitude less. In theory,
one would expect the clay-bearing columns with higher CECs to show a larger pH shift
than a lower CEC quartz sand column. But we cannot independently predict exactly how
sensitive the pH shift is to CEC. And, given the scatter in the measured pH's, it is hard to
discern a sensitivity.
For Quartz+Illite, it was expected that Ca2+ desorption would be higher than in the
Quartz due to desorption of Ca2+ from the illite’s negatively charged surface, but illite
played an unexpected inhibitory role on decreasing the desorption of Ca2+. On the other
hand, when switching the flooding from HS to LS water, a negligible curve jump occurred
for acetate release compared with Quartz at the same conditions. In short, the presence of
illite in this column had a little effect on Ca2+ desorption and carboxylate release except at
120°C.
The pH gradient decreased with the temperature increase except for
Quartz+Kaolinite. A small, unexpected increase in pH of the LS water effluent occurred
after switching from HS water to LS water due to the buffering effect of the high
concentration of desorbed Ca2+ in Quartz+Kaolinite (because the agglomeration of Ca2+
between kaolinite layers), which causes a local increase in pH Ca2+ + OH- ↔ (Ca―OH) +
(RezaeiDoust et al., 2011). This local increase in pH forced the kaolinite to develop a high
potential to migrate and be captured in the pores.
Figure 16 illustrates how the pressure jumped due to the agglomeration of Ca2+
between kaolinite layers and captured kaolin fines inside the pores. For that reason, the pH
never becomes high enough for kaolinites to attain sufficiently high negative potentials.
On the other hand, as the temperature increased, the dissolution rate of kaolinite increased
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too, and that resulted in kaolinite releasing aluminum and silicon. The laboratory
observations of Lützenkirchen et al. (2014) proved that as the dissolution rate of aluminum
increases, the pH increases too, and that explains the opposite behavior of the pH in
Quartz+Kaolinite.
For further investigations of LS water mechanism, HS water (2 PV) was injected
into the Quartz followed by three cycles of HS-LS water. Chemical analyses for acetate
and Ca2+ were conducted on the effluents. The results agreed with the previous tests on the
pure Quartz column, confirming that the existence of clays in sandstone is not essential.
Since the HS water has no acetate in it, the column was restored to the initial conditions
after each cycle (Figures 23 and 24).
On the other hand, the acetate trend in Figure 5 at 120°C was noisy due to
measurements error, but it has a clear trend as shown in Figure 22.
Sohrabi et al. (2017) minimized any special role of clay in LS water flooding, as he
observed higher recovery of oil while flooding clay-free cores. Our findings, with the
strong LS flood response in the pure Quartz columns, similarly show that the presence of
clay is not essential. We approached is from a different direction in that we studied it by
examining acetate release, but we reached the same essential conclusion.
Facanha et al. (2017) conducted a dynamic contact angle measurement on quartz
surfaces with HS and LS water, the results showed that a significant change in wettability
when LS water replaced HS water. This suggests that our strong LS response in the pure
quartz sand column could be due to wettability alteration as well.
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Table 3. Acetate and Ca Desorption from the Four Columns.
Test

25°C

70°C

90°C

120°C

Desorption of Ca2+ (mM)

0.32

0.37

0.32

0.16

Acetate Release Improvement by LSW
(mM)

1.38

0.09

1.145

0.0035

Desorption of Ca2+ (mM)

0.115

0.134

0.125

0.542

Acetate Release Improvement by LSW
(mM)

0.126

0.19

0.058

0.345

Desorption of Ca2+ (mM)

0.42

0.36

0.048

0.36

Acetate Release Improvement by LSW
(mM)

0.107

0.079

0.163

0.643

Desorption of Ca2+ (mM)

0.44

0.46

0.63

0.72

Acetate Release Improvement by LSW
(mM)

0.44

0.684

0.64

1.523

Sand

Sand + Illite

Sand + Kaolinite

Sand + Illite + Kaolinite

5. CONCLUSION

In this paper, we studied the mechanisms of LS water flooding in synthetic
sandstone columns with and without clays as a function of temperature using four
chromatographic columns containing different percentages of quartz and clays (illite and
kaolinite). The approach of this work is that it allows us to isolate the interplay between
ion exchange, pH, and carboxylate release, which should allow us to better decode the
chemical mechanisms that control LS water EOR flooding in clay-free sandstones. This is
a novel experimental design, where formation water containing sodium acetate is flooded
with two kinds of water (HS and LS water) to gain insight into LS EOR mechanisms. The
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hypothesis pursued here is that the behavior of the acetate ion (attached to matrix minerals
during the aging process and then released due to ionic exchange) in an LS water flood
would provide a valuable analog that would simulate the bonding of carboxylic acids in
crude oils with reservoir matrix minerals (and subsequent desorption during LS flooding).
The following key results were found: (a) As expected, the use of sodium acetate behaved
comparable to carboxylic acid in the crude oil; (b) The Quartz column showed strong
evidence (elevated pH, Ca2+ desorption and acetate release) of ionic exchange due to LS
water flooding, showing that pure quartz is responsive to LS flooding and that clays are
not absolutely needed; (c) The positively charged –COOCa+ group was released from SiO–
when LS water was injected into a Quartz column. (d) Quartz+ Illite+ Kaolinite gave a
slightly higher response than pure Quartz so clays can play a role; (e) The effect of
temperature for the different cases is at times ambiguous, but the highest acetate release
was in Quartz+Illite+Kaolinite at 120°C and in Quartz at 90°C.
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ABSTRACT

Low salinity (LS) water flooding mechanism enhanced oil recovery (EOR) method
in sandstone have been extensively debated in the literature. Many mechanisms have been
proposed, but these proposed mechanisms remains a topic of debate. In this study, we
propose to quantify control of mineral composition and water chemistry on water/rock
interactions and wettability change during low salinity waterflooding of spatially
heterogeneous sandstone porous media. We intended to identify the dominant process of
wettability

alteration

through

considering

water-rock

interaction

mechanisms

containing/non-containing clays. Water chemistry partially determines the dominant
wettability alteration. This includes salinity, type of ions, and possibly pH. Sandstone core
and free clay sand core were prepared in chromatography columns and were water flooded
with high/low/high salinity water at different temperatures. Brine with high salinity
100,000 ppm were injected to simulate formation water. Then, Inflow low salinity water
1100 ppm at different temperatures. Concentrations of Ca2+ and CH3COO– and pH were
recorded. The core contains quartz only, to investigate the role of clay in the mechanism
of smart water EOR. The results proved that during flooding the free clay core by low
salinity water the carboxylic acid detached from the sand, albeit not as great as that of the
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clay-containing cores. On the other hand, ICP-OES showed that a noteworthy desorption
of Ca2+ from the free clay core surface. That's indicate further RCOO– recovery in the
absence of clay. It has been observed that during flooding by low salinity water (LS), the
pH increased significantly. Also, as the temperature increased the pH of the LS water
decreased and amount of Ca2+ decreased in the effluent. This work presents the results of
forced imbibition experiments to examine the effect of clay in sandstone during LS
flooding EOR.

1. INTRODUCTION

Field pilots and laboratory tests conducted on sandstone have shown that
incremental oil recovery can be attained by injecting low salinity water. The mechanisms
behind incremental oil recovery by low salinity water are controversial. The suggested
mechanisms of enhancing oil recovery/wettability alteration in sandstones include: mineral
dissolution [1], multi-component ion exchange [2], double-layer expansion [3], desorption
of organic material from clay surfaces [4], reduction in interfacial tension [5], and fines
migration [6]. Production apparently depends on the presence of clays in the reservoir [2][6]. The chemical composition of the injected water is another controlling parameter [7][4]-[8]. However, there is no consensus on the dominant recovery mechanism [4]-[8]-[9].
This may be because several simultaneous processes contribute to the overall process. To
our knowledge no systematic experimental and numerical studies have been carried out
that consider the most important water-rock interactions in sandstones simultaneously.
Reservoir chemical heterogeneity may also play a role. Experimental and field scale
projects indicate that incremental oil recovery by LS water flooding vary significantly case-
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by-case in both carbonates [10]-[11] and sandstones [5]-[12]. Minerals in natural porous
media are typically distributed unevenly with random spatial patterns, ranging from
uniform distribution to clustered minerals [13]-[14]. On one hand, physical heterogeneity
changes flow fields and therefore spatial distribution of ions [15]. On the other hand,
chemical heterogeneity significantly changes mineral dissolution rate [16]-[17] and
adsorption/desorption [18]. Combination of physical and chemical heterogeneity can
significantly impact water-rock interaction and wettability alteration. However, the effect
of spatial distribution of reservoir physical and chemical properties on water-rock
interaction and wettability alteration during LS water flooding has not been fully
considered.
It was believed that the adsorption/desorption of organic materials occurred only
on the negative sites of the clays in sandstone [4]-[8]-[19]. The experimental observations
of Tang and Morrow [4] suggested conditions for chemical mechanisms for enhanced oil
recovery by LS water flooding, those conditions are: (1) Clay must exist in the sandstone
core and (2) crude oil must contain organic materials. Lager et al. [20] add another
condition which was (3) Active ions such as Ca and Mg must present in the formation
water. In this study, we investigate the role of the clay in the sandstone and its effect on LS
water EOR. We examine the mechanism(s) of LS waterflooding in sandstone with and without
clays as a function of temperature using three chromatographic columns containing different
percentages of quartz and clays. The columns were flooded with high salinity (HS) brine (~100,000
ppm) until a constant pH was noted. The injecting water was then exchanged to LS water (~1000
ppm). The effluent were collected for Ca2+ and CH3COO– chemical analyses.
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2. METHODOLOGY

2.1. MATERIALS
2.1.1. Column Packing. A chromatography columns were packed with quartz for
the sand column and with quartz and clays for sandstone column. In order to avoid air
bubbles in the column, which can change the hydraulic conductivity, wet packing was done
[21]. The connections to the column ports were configured with a fine filter to prohibit
mineral grains moving out of the column (Figure 1).

Figure 1. Flow cell schematic.

2.1.2. Brines. Two kinds of brine were used in this study, HS and LS water. HS
brine was prepared by liquefying reagent CaCl2 and NaCl in deionized water, and LS water
was prepared by dissolving reagent NaCl in deionized water. Brine compositions are listed
in Table 1.
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2.2. EXPERIMENTAL PROCEDURE
2.2.1. Column Water Flooding in Presence of Acetate. The column were flushed
by HS water and then aged for a week at 70 °C with the same HS water containing 10
mmole sodium acetate. This was done to maximize sorption of carboxylic material to the
surface of the rock so as to simulate bonding of oil-bound carboxylic material to a reservoir.
The system was then flooded with HS water until the pH stabilized. Brines were pumped
upward from the bottom of the columns using a syringe pump. Aqueous samples were
collected at the column outlet for later analysis of ionic concentrations. After each
experiment, the column was aged at the same condition for a week to restore the sample to
the initial conditions. The whole system was operated inside an oven set to the temperature
of interest (Table 2).
2.2.2. Chemical Analysis. Ca+2 concentrations were measured using (2000D ICPOES). Effluent acetate concentrations were measured using a Dionex DX-120 ion
chromatography setup.
2.2.3. Oil Recovery Test. The same columns were flushed and saturated with HS
water and then flooded with crude oil and aged for a week at 70°C. HS water then injected
into the column followed by LS water and oil recovery was observed from the effluent.

Table 1. Brines Composition (PPM).
Element
Na+

HS
35,000

LS
350

Cl–
Ca2+
Acetate
TDS

60,000
4500
820
98.32
~100,00
0

600
0
0
1.182

Salinity

~1000
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Table 2. Description of the Columns.
Quartz, %
100
80
80

Illite,
%
0
20
0

Kaolinite, %

D, cm

0
0
20

1.5
1.5
1.5

L, cm
6.3
6.3
6.3

K, md
600
301
65

Ф, %
33.6
33.24
33.02

3. RESULTS AND DISCUSSION

3.1. SAND COLUMN
This column was 100% quartz. At 25°C (Figure 2), the pH was 7.26 when flooded
with high salinity water. Upon switching to LS water the pH rose to pH 9.77. When the
injected water was transferred to the original HS water, the pH fell back to 7.29. There was
about a 2.5 pH difference between HS water effluent pH and LS water effluent pH. The
upward shift in effluent pH difference between HS and LS water is traditionally ascribed
to the exchange of H+ for Ca2+ on clay surfaces [20]. We observe the same trend in the
absence of clay and ascribe it to H+ exchange for Ca2+ and Na+ sorbed to negatively charged
quartz surface sites.
At 70ºC, the pH for the HS water effluent was 7.28. The water then switched to the
LS water and pH for the LS water effluent was 9.72. After that, switching the flooding to
the original HS water stabilized the pH back to its original value. An important variance
~2.44 in pH between HS water and LS water effluents was observed. The pH trend is about
the same at 90ºC. The pH stabilized at 7.23 while flooding the column by HS water, after
switching to LS water the pH increased directly and stabilized at 9.32. The injected fluid
switched again to the original HS water and pH return to its original value. At 120ºC, the
pH initially was 7.15 when flooded Column 1 by HS water. The pH suddenly rose and
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stabilized at 9.20 pH unit when switching the flooding to LS water. The injected fluid then
switched again to the same HS water, and the pH fluctuated until fell again to its original
value. At all temperatures, evidence for Ca2+ desorption is seen in (Figure 3). It does not
appear to be a clear trend after 90ºC. As can be seen from (Table 1) that LS water has no
Ca2+.
The desorbed Ca2+ in the exchanger attributed to the ion exchange of Ca2+ with H+
and Na+ on the negative surface site of quartz. Figure 4 shows effluent acetate profiles from
cores that were aged in HS water containing 10 mmole sodium acetate for a week at 70 ºC.

10
9.5
9

pH

8.5
8
7.5
7
6.5
6
HS

LS
25°C

HS

LS
70°C

HS

LS
90°C

HS

LS

HS

120°C

Figure 2. Effluent pH from Sand Column, at 25, 70, 90, and 120ºC.

Again, core aging in acetate was done to maximize sorption of carboxylic material
to the surface of the rock to simulate the bonding of oil-attached carboxylic groups to
reservoir surfaces. It should be noted that Figure 4 was plotted for the whole pore volumes

64
that were injected in order to clarify the total volume that injected into the Sand Column.
Figure 4 shows a lack of correlation between increasing temperature and detachments of
carboxylic materials when flooding the column by HS and LS water. As can be noticed,
the detachment of RCOO– was higher at 25ºC than at 70ºC which was less than what was
observed at 90ºC and the least detachment was at 120ºC. However, a significant carboxylic
material produced when switch the fluid to LS water especially at 25ºC and 90ºC.
In conclusion, it is obvious that quartz surface and carboxylic materials are both
negatively charged, so carboxylic materials repelled from the quartz surface. Indeed, the
carboxylic material bonded with multivalent cation Ca2+ [–COOCa+] [>Si-O2-] in form of
electrostatic bridging with quartz surface. When LS water invaded the porous media an ion
exchange take place then organic complexes removed and replaced with uncomplexed
cations providing a more water wet environment and in turn enhancing recovery. In another
word, when LS water invaded Sand Column, the electrostatic attraction between the linked
carboxylic on Ca2+ [–COOCa2+] and [>Si-O2-] became very weak and the recovery
increased. A quite clear correlation observed for the pH gradient, as the temperature
increased the pH gradients decreased. The gradients of pH were 2.51, 2.44, 2.09, and 2.04
at 25, 70, 90, and 120 º C respectively. ICP-OES shows that about 0.32, 0.37, 0.32, and
0.16 μmole Ca2+ desorbed from silicate surface at 25, 70, 90, and 120ºC respectively when
the flooding fluid switched to LSW effluent (Figure 3). A significant amount of RCOO–
was produced when the water switched from HS to LS water. The acetate release was
10.60%, 8.35%, 3.80% at 25, 70, 90ºC, respectively, while the recovery curve was not
stable at 120ºC (Figure 4). This is a good evidence of how LS water improved the
carboxylic acid detachment in sandstone without clay. The obtained results for Ca2+
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desorption and RCOO detachment were in line with our expectations. The following
reactions explain the ion exchange on the sand surface:

˃ Na + H+ ↔ ˃ H+ + Na+

(2)
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Figure 3. Effluent concentrations of Ca2+ from Sand Column at 25, 70, 90, and 120ºC.

3.2. OIL RECOVERY TEST (SAND COLUMN)
The column was initially flooded by HS water at 25°C until no oil recovery in the
effluent, the oil recovery factor was 41% OOIP. The injected fluid then switched to LS
water and the incremental oil recovery was 4% OOIP at 25°C. The incremental oil recovery
was 2, 1.5, and 1% OOIP at 70, 90, and 120°C, respectively (Figure 5).
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Figure 4. Concentrations of RCOO– in first HS and LS water effluent at 25, 70, 90, and
120ºC.

3.3. SANDSTONE COLUMN#1 (SAND + ILLITE)
The pH trend during flooding this column was approximately the same as quartz
column (Figure 6). The pH of HS water was around 7, and as the temperature increases,
the pH decreases. Upon switching to LS water, the pH jumped to 9.65, 9.52, 9.22, and 9.13
at 25, 70, 90, and 120 °C, respectively. The Ca2+ measurements from the effluent were
performed the same way as in Sand column, and the results were in line with the Sand
column. Ca2+ desorption occurred at all temperatures (Figure 7). Acetate detachments were
also approximately the same as in Sand column (a little higher than the Sand column)
(Figure 8), supported our theory about eliminating the clay role.
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Figure 5. Oil recovery test for sand column.
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Figure 6. Effluent pH from Sand Column#1 (Sand + Illite), at 25, 70, 90, and 120ºC.
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3.4. OIL RECOVERY TEST (SANDSTONE COLUMN#1)
The same procedure was conducted as in oil recovery test for Sand Column. The
ultimate oil recovery during HS flooding was 42.23% OOIP at ambient temperature. Upon
switching to LS water, the incremental oil recovery was 3.2, 2.3, 2, and 0.5% OOIP at 25,
70, 90, and 120°C, respectively (Figure 9).

3.5. SANDSTONE COLUMN#2 (SAND + KAOLINITE)
The measurements Ca2+ desorption, and Acetate detachments from quartz and clay
surfaces were in line with the two previous columns. Normally, pH decreased with the
temperature increase except for this column. An increase in pH of the LS water effluent
took place after switching to LS water due to the buffering effect of the high concentration
of desorbed Ca2+ in Sandstone Column#2, which causes a local increase in pH Ca2+ + OH–
↔ (Ca―OH)+ [8]. Figures 10-12 shows the results of pH measurements, Ca2+ desorption,
and detachment of the acetate.

3.6. OIL RECOVERY TEST (SANDSTONE COLUMN#2)
The ultimate oil recovery was 40.35% OOIP after the column flooded with HS
water. The recovery improved to 4.1, 1.9, 1.55, and 1% OOIP after flooding the column
with LS water at 25, 70, 90, and 120°C, respectively. Figure 13 shows the oil recovery test
results for Sandstone Column#2.

3.7. GENERAL COMMENT
As can be seen from the results of the three columns, the desorption of Ca2+, pH
upward shift, acetate detachments (which represent carboxylic acid in crude oil), and oil
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recovery tests were all approximately the same, which were in line with our theory of
eliminating the role of clay from the effective factors that affect LS water flooding EOR.
Sohrabi et al. (2016) [22] conducted a systematic study to exclude the clay role as we did
in this study. The incremental oil recovery that they had in absence of clay was attributed
to the formation of the micelles stemming from oil/brine interaction. In our previous work
[23], we measured the wettability alteration after flooding quartz column and quartz + clays
column and the results were the wettability altered towards more water wet in both
columns. LS water was able to trigger the wettability of sand the same way that occurred
in presence of clays as shown in this reaction [–COOCa+] [>Si-O2-].
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Figure 7. Effluent concentrations of Ca2+ from Sandstone Column#1 (Sand + Illite), at 25,
70, 90, and 120ºC.
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4. CONCLUSIONS

The approach of this work is investigating the mechanism of incremental oil
recovery using LS water by using three different porous media were packed in
chromatographic columns. Our study results reveal the important role that clay play in LS
water-sandstone/LS water-crude oil. This study can provide insights to researchers when
designing the LS water flooding and help researchers to decode the chemical mechanisms
that control LS water flooding in sandstone. Clays participate in some of the oil recoveries,
but quartz behaved the same way as clay. The results show that acetate detachments/oil
recovery increased during LS water flooding albeit in absence of clay. In addition, pH and
Ca2+ desorption from quartz surface was as high as in presence of clays, indicating that an
ion exchange occurred on the quartz surface.
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[1] Aksulu, H.; Håmsø, D.; Strand, S.; Puntervold, T.; Austad, T. Evaluation of lowsalinity enhanced oil recovery effects in sandstone: Effects of the temperature and pH
gradient. Energy Fuels, 2012, 26, 3497−3503.
[2] Lager, A.; Webb, K. J.; Black, C. J. J.; Singleton, M.; Sorbie, K. S. Low salinity oil
recovery - an experimental investigation. Petrophysics 2008, 49 (1), 28-35.
[3] Ligthelm, D. J.; Gronsveld, J.; Hofman, J. P.; Brussee, N. J.; Marcelis, F.; van der
Linde, H. A. Novel waterflooding strategy by manipulation of injection brine
composition. SPE 119835; EUROPEC/EAGE Conference and Exhibition, 2009; DOI:
10.2118/119835-MS.
[4] Austad, T.; RezaeiDoust, A.; Puntervold, T. Chemical mechanism of low salinity water
flooding in sandstone reservoirs. Proceedings of the 2010 Society of Petroleum
Engineers (SPE) Improved Oil Recovery Symposium; Tulsa, OK, April 24−28, 2010;
SPE Paper 129767.

74
[5] McGuire, P. L.; Chatham, J. R.; Paskvan, F. K.; Sommer, D. M.; Carini, F. H. Low
salinity oil recovery: An exciting new EOR opportunity for Alaska’s North Slope. SPE
Western Regional Meeting, 30 March−1 April, Irvine, California, 2005; DOI:
10.2118/93903-MS.
[6] Tang, G. Q.; Morrow, N. R. Influence of brine composition and fines migration on
crude oil brine rock interactions and oil recovery. J. Pet. Sci. Technol. 1999, 24,
99−111.
[7] Rezaeidoust, A.; Puntervold, T.; Strand, S.; Austad, T. Smart water as wettability
modifier in carbonate and sandstone: A discussion of similarities/differences in the
chemical mechanisms. Energy Fuels 2009, 23 (9), 4479–4485.
[8] RezaeiDoust, A.; Puntervold, T.; Austad, T. Chemical verification of the EOR
mechanism by using low saline/smart water in sandstone. Energy Fuels 2011, 25,
2151−2162.
[9] Nasralla, R. A.; Bataweel, M. A.; Nasr-El-Din, H. A. Investigation of wettability
alteration and oil-recovery improvement by low-salinity water in sandstone rock.
Journal of Canadian Petroleum Technology 2013, 52 (02), 144–154.
[10] Zhang, P.; Tweheyo, M. T.; Austad, T. Wettability alteration and improved oil
recovery by spontaneous imbibition of seawater into chalk: Impact of the potential
determining ions Ca2+, Mg2+, and SO42-. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 2007, 301 (1-3), 199–208.
[11] Yousef, A. A.; Al-Saleh, S.; Al-Jawfi, M. S. Improved/Enhanced Oil Recovery from
Carbonate Reservoirs by Tuning Injection Water Salinity and Ionic Content. SPE
Improved Oil Recovery Symposium; Tulsa, OK, April 14-18 2012; SPE Paper
154076.
[12] Lager, A.; Webb, K. J.; Collins, I. R.; Richmond, D. M. LoSal enhanced oil recovery:
Evidence of enhanced oil recovery at the reservoir scale, Proceedings of the 2008
Society of Petroleum Engineers (SPE) Symposium on Improved Oil Recovery, Tulsa,
OK, April 19-23, 2008; SPE Paper 113976.
[13] Barber, L. B.; Thurman, E.; Runnells, D. D. Geochemical heterogeneity in a sand and
gravel aquifer - effect of sediment mineralogy and particle-size on the sorption of
chlorobenzenes. Journal of Contaminant Hydrology 1992, 9 (1-2), 35–54.
[14] Zinn, B.; Harvey, C. F. When good statistical models of aquifer heterogeneity go bad:
A comparison of flow, dispersion, and mass transfer in connected and multivariate
Gaussian hydraulic conductivity fields. Water Resources Research 2003, 39 (3), 1-19.

75
[15] Heidari, P.; Li, L. Solute transport in low-heterogeneity sand boxes: The role of
correlation length and permeability variance. Water Resources Research 2014, 50
(10), 8240–8264.
[16] Salehikhoo, F.; Li, L.; Brantley, S. L. Magnesite dissolution rates at different spatial
scales: The role of mineral spatial distribution and flow velocity. Geochimica et
Cosmochimica Acta 2013, 108, 91–106.
[17] Li, L.; Salehikhoo, F.; Brantley, S. L.; Heidari, P. Spatial zonation limits magnesite
dissolution in porous media. Geochimica et Cosmochimica Acta 2014, 126, 555–573.
[18] Wang, L.; Li, L. Illite Spatial Distribution Patterns Dictate Cr(VI) Sorption
Macrocapacity and Macrokinetics Environmental Science & Technology 2015, 49 (3),
1374–1383.
[19] Fogden, A. (2012). Removal of crude oil from kaolinite by water flushing at varying
salinity and pH. Colloids and Surfaces A: Physicochemical and Engineering Aspects
402: 13-23.
[20] Lager, A.; Webb, K. J.; Black, C. J. J. (2006). Impact of brine chemistry on oil
recovery. Paper A24 presented at the 14th European Symposium on Improved Oil
Recovery, Cairo, Egypt.
[21] Minyard, M. L.; Burgos, W. D. Hydrologic flow controls on biologic iron(III)
reduction in natural sediments. Environmental Science & Technology 2007, 41 (4),
1218–1224.
[22] Sohrabi, M., Mahzari, P., Farzaneh, S. A., Mills, J. R., Tsolis, P., & Ireland, S. (2015,
March 8). Novel Insights into Mechanisms of Oil Recovery by Low Salinity Water
Injection. Society of Petroleum Engineers. doi:10.2118/172778-MS.
[23] Al-Saedi, Hasan, N.; Flori, E., Ralph. (2018). Enhanced oil recovery of low salinity
water flooding in sandstone and the role of clay. PETROL. EXPLOR. DEVELOP.,
2018, 45(5): 1–6.

76
III. EFFECT OF DIVALENT CATIONS IN FORMATION WATER ON
WETTABILITY ALTERATION DURING LOW SALINITY WATER
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ABSTRACT

This paper demonstrates the importance of Ca2+ in formation water on low salinity
oil recovery, and the importance of Mg2+ in formation water with Ca2+ and alone. A series
of Berea sandstone cores were flooded with formation water (FW) water as a secondary
flood, then low salinity (LS) water was injected for the tertiary stage. The temperature of
the experiments was 90°C (reservoir temperature). Surface reactivity tests were run where
water saturated cores were flooded with the same FW and LS water that was used in oil
recovery experiments. While injecting brines, samples of the effluent were analyzed for
pH, Mg2+, and Ca2+. We also measured contact angles between sandstone cores and crude
oil in the presence of LS water and FW after some flooding stages. Oil recovery tests with
double Ca2+ and Mg2+ (especially Ca2+) concentration in FW revealed a lower LS water
EOR effect, indicating that the cores are apparently more water-wet. The LS water effect
was much larger when the concentration of Ca2+ and Mg2+ in the FW was decreased by
half. Additionally, the oil recovery due to LS water is greater for cores with Mg2+
abundance in the FW than for those with Ca2+. The LS water effect is greater as the Mg2+
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exists. Surface reactivity tests, contact angle measurements, and spontaneous imbibition
results were consistent with the oil recovery tests. Generally, contact angle measurements
and spontaneous imbibition predict similar wettability trends because both tests depend on
the same physics concepts. In this study, we claim that the smaller Mg2+ radius causes Mg2+
to be more tightly enveloped in water molecules than Ca2+, which might mean that Ca2+
can actually get closer to the oil and mineral surfaces than Mg2+and have a bigger effect.
The tests conducted in this study to investigate the role of divalent cations on LS water
response should be routine practice as a supplement to conventional core flooding
experiments. Such tests will give the operator clear guidance as to proper LS water design
to maximize oil recovery for a given FW and core.

1. INTRODUCTION

As global energy demand continues to grow along with upward price pressures, the
oil industry is relentlessly endeavoring to develop economically-feasible techniques to
supply the oil-markets. Without finding new fields, an important objective is to improve
oil recovery in existing fields. Low salinity (LS) water flooding is one of the least
expensive enhanced oil recovery (EOR) techniques. Laboratory experimental studies have
shown positive LS water EOR effects in sandstones, which is the main focus of this paper
[1–8]. Numerous field trials have also shown positive recovery results from LS water
flooding in sandstones [9–11]. The chemistry of the injected water is the most powerful
factor that affects oil recovery [12]. However, understanding wettability alteration that
causes oil recovery improvement is incomplete [13]. Different mechanisms have been
proposed to explain exactly how LS water flooding works, including the following:
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▪

Fines mobilization [2];

▪

Reduction in interfacial tension and increased pH [14];

▪

Multicomponent ion exchange [11];

▪

Double-layer expansion [15];

▪

Desorption of organic material from the clay surface [4];

▪

Mineral dissolution [16];

▪

Cations exchange on quartz surfaces [17];

▪

Organic material desorption from quartz surfaces [17]
Aghaeifar et al. (2015) reported that the wettability alteration during LS water

flooding is controlled by the formation water salinity (chemistry) and mineral composition.
They also reported that there was no LS EOR effect when flooding strongly water-wet
sandstone [18]. Aksulu et al. (2012) ascribed the additional oil recovery by LS water
flooding to increase in pH by measuring adsorption of quinoline onto illite. They observed
that the increase in clay water-wetness is due to increase in pH [19]. The decrease in salinity
had no effect on increasing clay water-wetness. Water chemistry controls the zeta potential
and Debye-length [20]. The injected brine salinity reduction strengthen the negatively
charge of the zeta potential of the rock-water and oil-water interfaces [8]. Yet, RezaeiDoust
et al., (2011) ascribed the additional oil recovery to the reduction in the both divalent
cations Mg2+ and Ca2+ in the injected brine to the sandstone reservoir [21]. Similarly,
(Nasralla et al., 2011; Mahani et al., 2015) reported that, regardless of salinity, divalent
cations play an important role in disjoining pressure [22, 23].
Lager et al. (2006) examined the effect of LS water injection while having identical
amounts of Mg2+ in the injected brine and formation water. The observation from the
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2+

experiment was less Mg

was produced in the effluent than the Mg

2+

in the formation

water due to the chemical reaction. The same was true for Ca2+ [24]. When divalent cations
Ca2+ and Mg2+ are hydrated in water, the reactivity of Mg2+ and Ca2+ increases when the
temperature increases [25].
Previously (Al-Saedi and Han et al., 2018) studied the effect of the injected water
chemistry into Berea sandstone cores saturated with mineral oils and simulated the waterrock interactions [26]. The simulation work was conducted using the code
CRUNCHFLOW [27]. Controlling divalent cations was also investigated in both FW and
the injected LS water. For the FW, laboratory studies indicated that abundance of Mg2+ in
the FW is more effective than Ca2+ for a greater LS EOR effect [28]. For the LS flood
water, the abundance of Ca2+ in the injected LS water has a larger impact on the LS EOR,
while when Mg2+ is present in the LS water there was little oil recovery improvement [29].
Generally we do not have any control on FW and we only can design the LS water.
Hence, the purpose of this work is to clarify the criteria for a successful LS water flooding
project in sandstones. FW seems to be significant to govern in-situ oil-brine-rock
interactions. To our knowledge, a few studies have investigated the impact of FW on LS
water EOR potential. In addition, a few studies have looked beyond the impact of divalent
cations in particular Ca2+ and Mg2+ affect LS water potential. This study aims to decipher
the controlling factors (Ca2+ and Mg2+) from FW over oil-brine-sandstone interactions thus
initial system wettability. Contact angle measurements, surface reactivity tests,
spontaneous imbibition tests and corefloods were conducted to reveal the importance of
divalent cations in FW for the potential of LS water. In this paper, a series of Berea
sandstone cores were used for oil recovery tests and surface reactivity tests supported with
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contact angle measurements to investigate the role of divalent cations in formation water.
Different formation waters were used with different cores and different salinities. In order
to isolate the role of divalent cations in formation water, all core preparations were the
same for all experiments. This study provides insights for operators when designing LS
water flooding projects, and it can help researchers to better understand the chemical
mechanisms that control LS water EOR flooding in sandstones.

2. MATERIALS AND METHOD

2.1. EXPERIMENTAL FLUIDS AND ROCK
2.1.1. Crude Oil. In all experiments, a reservoir crude oil was used. The sediments
and water in the crude oil were removed by centrifuging the crude oil for 4 hours. The
viscosity of the oil is 14 cp at 20°C, the density is 0.815 gm/cc at 20°C. TBN is 1.14 mg
KOH/g, and TAN is 0.66 mg KOH/g.
2.1.2. Brines. Reagent-grade salts were dissolved in deionized water to make FW
and LS water. The brine compositions are listed in Table 1. To examine our hypothesis,
CaCl2, MgCl2, and NaCl were used in this study.
2.1.3. Heptane & Toluene. Heptane was delivered by VWR with purity 99%,
density 0.6838 g/cm³ at 20°C, and dynamic viscosity 0.42 mPa.s at 20°C. Toluene MW is
92.14 g/mol containing less than 0.003% sulfur compounds.
2.1.4. Porous Media. Core samples were taken from the same Berea sandstone
block and dried overnight in the oven at 95°C. The core mineralogy and other properties
are listed in Table 2 and Table 3.
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Table 1. Composition of Brines (mmol/l).
Element
Na+
Cl–
Ca2+
Mg2+
Salinity (ppm)
IS

FW
1500
1650
Table 2
Table 2
~100,000
~1.75

LS
16.7
16.5
0
0
1182
0.0166

2.2. CORE PREPARATION
The cores were vacuumed for 2 days, and pre-aged in FW for 2 days under vacuum.
The porosity was measured from the weight difference before and after aging in FW. The
cores were then mounted in Hassler core holder to measure permeability. The permeability
of the cores was measured using the same FW at different flow rates until reaching a
constant pressure drop. The average permeability was 100 md. To obtain uniform oil
saturation, the FW was displaced with the crude oil (2 PV from each direction) with a
confining pressure not surpassing 600 psi, the brine displaced by oil was measured and the
Swi magnitude calculated. The cores then were pre-aged in oil for three weeks at 90°C.

2.3. CORE FLOODING
Each core contained oil with different FW’s. Each core was flooded with water
which matched its FW at a rate of 0.5 ml/min. The core flooding experiments were
conducted with a 150 psi back pressure due to fluid expansion at higher temperature. The
cores were flooded with 2 pore volume (PV) formation water until no more oil was
produced and until pressure stabilized. The cores then were flooded with 2 PV LS water.
It is worth mentioning that 2 PV is a large volume at the reservoir scale, but the goal of this
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study is to investigate the FW effect on LS water flooding. The flow rate was 0.5 ml/min
which was the same at all stages. The effluent was collected for pH measurements. The
experimental setup is shown in Figure 1.

Figure 1. Schematic diagram of the experimental apparatus.

2.4. CHEMICAL ANALYSES
The cores used in this test were oil phase free. The same FW was used in each core,
and used again in this test. The core was flooded with FW until achieving stable pH. The
injection then switched to LS water until pH stabilized. The aqueous samples were
collected by fraction collector for Ca2+ and Mg2+ analyses. Ca+2 and Mg2+ concentrations
were measured using an inductively coupled plasma–optical emission spectroscopy
(Perkin Elmer 2000D ICP-OES) with 97% reproducibility (accuracy). The oil phase
absence allows us to better understand the water-rock reactions.
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2.5. CONTACT ANGLE MEASUREMENTS
The sandstone substrate dry cut from the core was smoothed with a fine sandpaper
to attain a flat core face. The sandstone substrates were then dried in the oven. The
substrates were then pre-aged in oil for three weeks at 90°C. The oil droplet released
underneath the core sample and the contact angle was measured after equilibration time of
about 2 hours.

2.6. SPONTANEOUS IMBIBITION EXPERIMENTS
To limit measurement uncertainty in spontaneous imbibition test attributable to
mineralogy, we used the same cores that used in oil recovery test. The cores were initially
cleaned by injecting heptane and toluene, and then with toluene using Soxhlet extractor.
Four cores were prepared the same way as described previously similar to (Core#1-1,
Core#1-2, Core#2-1, and Core#2-2). A fifth core was saturated with FW containing 356
mM Ca2+. The pre-aged cores were then immersed in the LS water (imbibing fluid) inside
Amott Cells at 90°C. The cores were immersed in the imbibing fluid for 30 days until the
spontaneous imbibition ceased. The oil recovery was determined as a fraction of OOIP.

2.7. pH MEASUREMENTS
The pH was measured using a Symphony B10P pH meter from VWR. The pH
measurements were conducted on each 3 ml of sample which were collected by the fraction
collector. The calibration was done using three buffers (4, 7, and 14).
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Table 2. Mineralogy and Petrophysical Properties (Oil Recovery Test).
Core

Quartz,
%

Kaolinite,
%

D,
cm

Length,
cm

k,
md

ф,
%

Ca2+ in
FW (mM)

Mg2+ in
FW (mM)

PV

0

0

16.7

Core#1

13.64

Core#1-1

14.9

95

0

89

16.39

Core#1-2

14.87

95

0

178

15.94

14.8

94

89

0

16.48

Core#2-2

15.0

109

178

0

17.34

Core#3-1

14.9

124

89

89

16.62

Core#3-2

14.83

123

178

178

16.36

Core#2-1

95

5

2.54

124

~21

Table 3. Mineralogy and Petrophysical Properties (Surface Reactivity Test).
Core
Core#11A
Core#12A
Core#21A
Core#22A
Core#31A
Core#32A

Quartz,
%

95

Kaolinite
,%

5

Diameter,
cm

2.54

Ca2+ in
FW (mM)

Mg2+ in
FW (mM)

14.9

0

89

14.89

0

178

14.85

89

0

178

0

14.89

89

89

14.85

178

178

Length,
cm

14.88

k,
md

~10
0

Porosit
y, %

~21
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3. RESULTS AND DISCUSSION

3.1. CORE FLOODING RESULTS
Core preparation was performed in the same way for all the cores with different
FW for each core. The results are as follows:
Core 1. Before testing the divalent cations affecting FW, we examined a core from
the same Berea sandstone and pre-aged in FW containing no Ca2+ and Mg2+ in order to
examine the effect of divalent cations on oil recovery. The same preparations were
conducted as in the other cores. Figure 2.a and 2.b shows oil recovery, pressure profile,
and pH measurements. The injected fluid started with FW, and the ultimate oil recovery
(UOR) was 44% OOIP after 2 PV was injected. The injection pressure decreased slowly
and stabilized at 13.4 psi. The injected FW pH was 6.4, and the FW effluent pH was 6.65.
Upon switching to LS water, the incremental oil recovery was 4.3% OOIP with a noted
jump in pressure up to 40 psi. Usually pressure increases during a LS water flood either
because of kaolinite fines movement or movement of the oil [17]. The pH was also
increased to 8.05, which is ascribed to cation exchange on the quartz [17] and kaolinite
surfaces between Na+ on the core minerals surface and H+ from the LS water injected water
as described by Wieland et al. (1994) [30]: ˃Na + H+ ↔ ˃H + Na+. The Na+ is desorbed
from the clay surface when the FW is displaced with LS water, and in turn, the pH increases
and the organic material in crude oil is desorbed from the clay surface. The upward shift in
effluent pH difference between FW and LS water is traditionally ascribed to exchange of
H+ for divalent cations such as Ca2+ and Mg2+ on clay surfaces [19] and quartz surface [17].
We observed the same trend in the absence of divalent cations and basal clays, and attribute
it to H+ exchange for Na+ sorbed to negatively charged kaolinite and quartz surface sites.
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Core#1-1. As seen in Table 2, this core was pre-aged in 89 mmole (mM) Mg FW.
The UOR during the secondary stage was 50% OOIP (Figure 3.a). The pressure increased
dramatically up to 58 psi and stabilized at 38 psi (Figure 3.a). The injected FW pH was
7.42, but it decreased 1 pH unit (Figure 3.c). The injected fluid was then switched to LS
water, and the incremental oil recovery was quite high at 17.5% OOIP (Figure 3.a). The
pressure was increased during incremental recovery until reaching 82 psi until when no
further oil was produced and then stabilized at 49 psi (Figure 3.a). The injected LS water
was 6.12. The LS water effluent pH was 7.8 (Figure 3.c). The pH jump is ascribed to the
cation exchange [11].
Core#1-2. The concentration of Mg2+ was doubled in the FW in this core. The UOR
during secondary flooding via FW was 54.54% OOIP (Figure 3.b), while the improved oil
recovery was 3.64% OOIP for LS water flooding (Figure 3.b). The injection pressure is
shown in Figure 3.b. The pressure increased continuously until reaching 51 psi and
decreased gradually until it stabilized at 23 psi, while the injection pressure stabilized at 32
psi during LS water flooding. The pH was increased after switching the injected fluid to
8.81 (pH gradient is 1.91). The ultimate oil recovery during FW injection for Core#1-2 was
higher than what it was for Core#1-1 by 4.54% OOIP, while the incremental UOR during
LS water flooding for Core#1-1 was higher in 13.86% OOIP.
Core#2-1. This core was saturated with 89 mM Ca2+ to study the effect of Ca2+ in
FW and its contribution in oil recovery. The UOR from FW flooding was 49% OOIP.
When LS water (containing zero mM Ca2+) was then injected into the core, the incremental
oil recovery factor increased by 5% (Figure 4.a). Figure 4.a shows a normal pressure trend
for both FW and LS water. The pH was 7.10 while flooded with FW. Upon switching to
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LS water, the pH rose to 8.2. The pH profile for the FW and LS water effluent is shown in
Figure 4.c. Core#2-2. The concentration of Ca2+ was doubled in the formation water in this
core. Core#2-1 was aged in 89 mM Ca2+; this core was aged in FW with 178 mM Ca2+.
The UOR was less than that observed in Core#2-1. The UOR was about 40% OOIP when
the core was flooded with FW. After switching the injected water to LS water, the
incremental oil recovery was 1% (Figure 4.b). The LS water caused a pH increase when
the flooding switched to LS water and stabilized at 7.85. (Figure 4.d). The injected pressure
did not rise as much as in the Core#2-1 run (Figure 4.b). The secondary oil recovery for
Core#2-1 was 49% OOIP, which was higher than when the concentration of Ca2+ was
doubled in FW (40% OOIP) when flooding the core with FW. The incremental UOR in
Core#2-1 was greater than in Core#2-2.
Core#3-1. This core was pre-aged in FW containing 89 mM Ca2+ and 89 mM Mg2+.
The secondary oil recovery using FW was 48.61% OOIP, and the LS water increased the
oil recovery to 54.61%, meaning that LS water improved UOR to 6% OOIP, which is much
less than in Core#1-1 (aged in 89 mM Mg2+) in about 14% OOIP (Figure 5.a). The injection
pressure started at a low level and increased slowly until reaching a plateau at 24.5 psi. The
injection pressure during LS water flooding behaved smooth and constant the entire time
and stabilized at 26 psi (Figure 5.a). The initial pH of the injected FW was 7.20, and the
pH remained constant after injecting the FW. The pH increased to 8.02 in the LS water
effluent (Figure 5.c).
Core#3-2. The FW in this core contained a double concentration of Ca2+ and Mg2+
of what was in Core#3-1. The UOR by injecting FW was 44.76% OOIP, which was less
than the recovery from Core#3-1. The incremental oil recovery was 2.38% when switching
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from FW to LS water, which was smaller than the incremental oil recovery from Core#31. The injection pressure was approximately constant across the core during FW flooding,
and a little increase in pressure was stabilized rapidly at 30 psi. The pH during FW flooding
was 6.95. Upon switching the injected fluid to LS water, the pH increased up to 7.76.
Similarly, as was expected, the secondary and incremental oil recoveries in Core#3-1 were
higher than in Core#3-2 due to the lower concentration of Ca and Mg in FW in Core#3-1.

3.2. OIL RECOVERY TESTS
As can be seen from these experiments, it is possible to relate the pH behavior to
the percentage of recoverable oil except for Core#1-1, which had an increase in pH when
the injected fluid switched to LS water, but which was smaller than the other cores,
especially Core#1-2, which had double the concentration of Mg2+ in FW. The adsorption
of basic and acidic material in the crude oil on the clay negatively charged surface dictates
the initial wettability of the rock. This adsorption is governed by ion composition,
temperature, pH, and FW salinity [4]. Hence, the most reactive organic materials towards
the negative sites on the surface of the clay are the carboxylic acid (RCOOH) and the basic
material (R3NH+), that is mean the cores wettability became less water-wet when the FW
pH reduced from ~7 to ~6 as can be observed in Core#1-2.
For the other cores, as the concentration of the divalent cations increased in FW,
the LS water pH decreased. The pressure was much higher for the cores saturated with the
lower concentration of divalent cations when the LS water flooded the cores, meaning that
the lower the Mg2+ and Ca2+ concentration in the formation water, the greater the effect of
the LS water. The increase in pressure in the cores saturated with the lower concentration
of divalent cations indicates that LS water improved the microscopic sweep efficiency,
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which explains the larger incremental oil recovery. Figure 4.a and 4.b show a larger
pressure increase than Figure 3.a and 3.b because of the agglomeration of Ca2+ between
kaolinite layers, which causes a reduction in the core permeability and captured kaolin fines
inside the pores [17]. We propose that the Ca2+ caused “edge to face” agglomeration of the
kaolinite plates to form higher volume assemblages. This might have led to the reduced
permeability and increase in pressure.
Core#1-1, which was pre-aged in FW containing 89 mM Mg2+, had the highest oil
recovery during LS water flooding. The role of Mg2+ is more effective than Ca2+ as in
Core#2-1. The Sor of Core#1-1 was 32.5%, while it was 46% for Core#2-1. As the
concentration of divalent cations increases, the oil recovery, pH, and injection pressure
decrease. Doubling the concentration of Mg2+ in FW increased the Sor from 32.5% to
42.82%, while Sor increased from 46% to 59% when the concentration of Ca2+ was doubled
in FW. Doubling Mg2+ in FW reduced oil recovery compared to Core#1-1, but it was better
than in Core#2-1 (which was saturated in 89 mM Ca2+). Core#1, which was pre-aged in
FW containing NaCl only, had significant oil recovery during secondary and tertiary water
flooding. Doubling the concentration of Mg2+ was important for the secondary water
flooding, which was 54.54% OOIP, while it was 50% OOIP for the non-doubled Mg2+.
The Sor for Core#1 was lower than in Core#2-2 and Core#3-2, which was pre-aged in FW
containing twice the concentration of both Mg2+ and Ca2+, meaning that the existence of
divalent cations Ca2+ and Mg2+ is not always important for LS water flooding; it depends
on the concentrations of Ca2+ and Mg2+. Our observations showed the lower the
concentration of the Ca2+ and Mg2+ in FW, the higher the LS water EOR effect (Table 4).
It is noteworthy mentioning that the pH increase in all corefloods is a bit low, lower than
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8, which is lower than existing reports on average. We believe that this is because no albite
and basal charged clays in the core plugs since the used Berea sandstone cores contain only
quartz and kaolinite. The limited pH increase is mainly because of surface complexation
from quartz and kaolinite.
Aghaeifar et al., (2015) conducted a systematic study on a reservoir core to inspect
the connection between the FW salinity and the LS water EOR effect. The same FW was
used in the secondary flooding. The FW salinity was 200,000 ppm (Ca2+ concentration was
640 mM). No LS EOR effect was observed because the high FW salinity caused the
sandstone to be strongly water-wet [18]; however, when FW switched to 22,000 ppm (Ca2+
concentration was 3.5 mM), an LS EOR effect was observed. This is consistent with our
observations. When we kept salinity at the same level (~100,000 ppm), but the
concentration of Ca2+ and/or Mg2+ was doubled (from 89 to 178 μmole), more waterwetness occurred, and less oil recovery was observed.
Table 4. Oil Recovery and Incremental Oil Recovery for all Cores.
Ca2+ in
FW (mM)

Mg2+ in FW
(mM)

Secondary
Oil Recovery
by FW , %

Core#1

0

0

Core#1-1

0

Core#1-2

Tertiary Oil
Recovery by
LSW, %

44

Secondary
Residual Oil
Saturation
Sor , %
56

4.3

Tertiary
Residual Oil
Saturation
Sor, %
51.7

89

50

50

17.5

32.5

0

178

54.54

45.46

3.64

41.82

Core#2-1

89

0

49

51

5

46

Core#2-2

178

0

40

60

1

59

Core#3-1

89

89

48.61

51.39

6

45.39

Core#3-2

178

178

44.76

55.24

2.38

52.86

Core

3.3. SURFACE REACTIVITY TESTS
The surface reactivity tests results are shown in Figures (6-8). In order to isolate
the important water-rock reactions occurring during water flooding, a surface reactivity
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test was conducted on the separate cores similar to the cores used for oil recovery tests.
The absence of an oil phase allows us to better understand the water-rock reactions.
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Figure 2. (a) Oil Recovery and injection pressure, and (b) pH profile for Core#1
(Containing no Ca2+ and Mg2+ in FW).

Figures 6 through 8 show the surface reactivity tests. As described earlier, the cores
were flooded with the same FW and LS water at 90°C, and flooding was stopped until a
stable pH was observed in the effluent. In all cases, the concentration of Ca2+ and Mg2+
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2+

2+

during FW flooding stabilized below 165 mM (the injected Ca and Mg was 178 mM),
indicating that Ca2+ and Mg2+ adsorbed to the negatively charged sites on the kaolinite and
quartz surfaces.
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Figure 3. Oil Recovery, injection pressure, and pH profile for Core#1-1 (89 mM Mg2+)
and Core#1-2 (178 mM Mg2+). The left figures are for Core#1-1 and the right figures
are for Core#1-2.
The trend remained the same until LS water invaded the porous media (LS water
contains no divalent cations). The divalent cations desorbed from the clay and quartz
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2+

surfaces [17]. The desorbed Mg

was greater than the desorbed Ca

2+

in all cases, which

explains the higher oil recovery for the cores containing Mg2+ in FW (Core#1-1 and
Core#1-2) even in the cores containing both Ca2+ and Mg2+ in FW such as Core#3-1 and
Core#3-2. The recovery in the last two mentioned cores was greater than the recovery from
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Figure 4. Oil Recovery, injection pressure, and pH profile for Core#2-1 (89 mM Ca2+)
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The injection pressure in the cores containing a half concentration of divalent
cations was much greater the in the cores containing a doubled concentration of divalent
cations, meaning that LS water improved the microscopic sweep efficiency. The cores
containing high divalent cations became more water-wet, and the injected fluid flowed with
no obstruction. The existence of Mg2+ in FW helped the LS water to improve the
microscopic sweep efficiency, as can be observed from the pressure profile for oil recovery
and surface reactivity test. The injection pressure for the cores containing Mg2+ in FW was
much higher than the other cores. Desorption of Mg2+ from the rock surface was greater
than Ca2+ in all cases, which explains the higher oil recovery in the cores containing Mg2+.
Desorption of divalent cations was not the only reason for the pH jump during LS
water flooding; Na+ exchanging with H+ is another source for increasing pH (Figure 6, 7,
and 8) [31–32]. One may ask how pH jumped in the absence of the basal charged clays
minerals, and the answer can be found in our previous study [17] where we flooded a quartz
column with LS water (FW and LS water contain only NaCl), and the pH increased
significantly in the same amount of pH jump when clays are present. Another evidence can
be noticed from Core1 in this study. Core1 contain quartz and kaolinite only. FW and LS
water contain NaCl only. The pH was jumped to 8.05 in the absence of basal charged clays
and the divalent cations too. In other words, Na+ exchanging with H+ on the negative site
of kaolinite and quartz is true. The contribution of surface complexation to pH increase
should be lower than the ion exchange. However, due to the pH increase as a result of ion
exchange, deprotonation of the surface species would be facilitated which in return affects
oil/brine/rock interactions. In the cores containing higher divalent cations in FW, there was
a higher desorption for divalent cations, but the pH jump was smaller than in the cores that
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have less desorption of divalent cations. More evidence for such a case was found for
Core#1 (Figure 2).

3.4. CONTACT ANGLE MEASUREMENTS
Contact angle measurements (Figure 9) showed significant wettability alteration
when Mg2+ present in the FW other than abundant of the Ca2+. The absence of divalent
cations in FW showed interesting results. The contact angle of the cores saturated with FW
containing high concentration of Ca2+ indicates that the rock wettability seemed too waterwet for observing LS water EOR effects. In general, at high concentration of Ca2+ with high
temperature, adsorption of Ca2+ far exceeds the adsorption of the organic material resulting
in very strong water-wet condition, regardless of the low pH of the FW [33]. At high
temperature, Ca2+ dehydration is increased [18]. As the temperature increases, the
adsorption of the dehydrated Ca2+ onto the negatively charged clay surfaces increases,
resulting in reduction in the polar organic materials adsorption on the clay surface. Brady
and Krumhansl (2012) presented some of those bridges between kaolinite and crude oil
such as [NH+][˃Al:Si-O–] and [–OOC][Al-O-H2+] [34]. On the basis of the results from the
oil recovery tests, surface reactivity tests, and contact angle measurements, it is likely that
when a high concentration of Ca2+ in the FW and high temperature come together, the
organic material adsorption onto the clay minerals surface will be reduced and the pH as
well [20]. The cores were perhaps excessively water-wet for presenting LS water EOR
effects. The results of contact angle measurements is in line with the observed lack of LS
water EOR effects in the oil recovery and surface reactivity tests. The same sets of
measurements are done on cores containing Mg2+ in the FW. The existence of Mg2+ in the
FW is favorable for observing LS water EOR effects. As the Mg2+ concentration in the FW
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decreases, the surface becomes less oil-wet. This results is in line with the observed
enhancement of LS water EOR effects in the oil recovery and surface reactivity tests.
These encouraging results prompted us to conduct extra contact angle measurement
run on substrates saturated with quadruple concentrations of divalent cations (356 mM of
Mg2+ in the FW of Core#1-2, 356 mM of Ca2+ in the FW of Core#2-2, and 356 mM of
Mg2+ and Ca2+ in the FW of Core#3-2). The results are completely in line with our previous
observations as shown in Figure 9.

3.5. SPONTANEOUS IMBIBITION EXPERIMENTS
Figure 10 shows the imbibition experiments results. Core A saturated with FW
containing 89 mM Mg2+, Core B saturated with FW containing 178 mM Mg2+, Core C
saturated with FW containing 89 mM Ca2+ and Core D saturated with FW containing 178
mM Ca2+. Another core (Core E) was saturated with FW containing 356 mM Ca2+ for
further investigation. As expected, the oil recovery by spontaneous imbibition of LS water
into Core A was the highest, while the oil recovery into Core E was the lowest. Apparent
strong water-wetness was expected as the concentration of Ca2+ increased in the FW.
Sandstone became too water-wet for observing LS water EOR effects. Austad et al., (2012)
reported that the LS water effect is dependent upon a mixed-wet condition; meaning that,
the LS water EOR effect will increase when more crude oil organic material is adsorbed
onto the surface [35]. Since we have high temperature with high concentration of Ca2+ in
Core D and Core E and even Core C, adsorption of Ca2+ dominates over the adsorption of
the organic material resulting in very strong water-wet condition.
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Figure 6. Surface reactivity test for Core#1-1A (FW contains 89 mM Mg2+) and Core#12A (FW contains 178 mM Mg2+).
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(a)

Figure 7. Surface reactivity test for Core#2-1A (FW contains 89 mM Ca2+) and Core#22A (FW contains 178 mM Ca2+).
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Figure 8. Surface reactivity test for Core#3-1A (FW contains 89 mM Ca2+ and 89 mM
Mg2+) and Core#3-2A (FW contains 178 mM Ca2+ and 178 mM Mg2+).
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Figure 9. Contact angle measurements.
3.6. IMPLICATIONS OF THE RESULTS
Mg2+ has a ~30% smaller radius than Ca2+, hence is more strongly hydrated; so the
effective hydrated radius of Ca+2 is smaller than that of Mg+2. This may allow Ca2+
carboxylate groups to be more tightly bound to mineral surfaces than Mg2+carboxylate
groups. This proposed mechanism is depicted in Figure 11. The sandstone surfaces (quartz
and clays) and carboxylate are both negatively charged, so carboxylate should be repelled
from the sandstone surface unless it forms a positively charged –COOCa+ or –COOMg+
group able to bridge with the sandstone surface as shown schematically in Figure 11, and
the reactions (1-4):
>SiO– + Ca+2 + COO– ↔ >SiOCaCOO

(1)

>SiO– + Mg+2 + COO– ↔ >SiOMgCOO

(2)

Clay– + Ca+2 + COO– ↔ >Clay–CaCOO

(3)

Clay– + Mg+2 + COO– ↔ >Clay–MgCOO

(4)
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When Ca

2+

2+

and Mg

decrease during a LS waterflood, the oil attraction to the

sandstone should in theory cause the rock would become more water-wet. Because of the
smaller effective radius of the Ca carboxylate groups, and presumed tighter binding,
decreasing Ca should have less of an LS effect than decreasing Mg. This might account
for the lack of LS EOR effects seen with decreasing Ca in the experiments.
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Figure 10. Spontaneous imbibition into oil saturated sandstone cores at 90°C using
different FW in LS water imbibing fluid.

Figure 11. The new proposed mechanism of LS water flooding.
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4. CONCLUSIONS

The primary goal of this work is to allow us to better decode the chemical
mechanisms that control LS water EOR flooding in sandstone. The proposed mechanism
of LS water flooding in sandstone has been debated in the literature. This paper attempts
to better understand the role of divalent cations in FW on oil recovery at reservoir
temperature. We aimed to use LS water containing no cation divalent but NaCl in order to
isolate the importance of divalent cations in FW. Our results are consistent with Mg2+ and
Ca2+ in FW forming cation bridges between kaolinite and quartz and oil carboxylate
groups. Our main conclusions are:
1. Divalent cations (Ca2+ and Mg2+) in FW are essential to LS oil recovery, but only
to a certain point. The absence of divalent cations in FW prompts a large LS water
effect. The divalent cation-free core showed more LS water EOR effect than the
cores containing higher (doubled) concentrations of divalent cations. The more the
Ca2+ concentration in FW the cores behaved like strongly water-wet. The divalent
cations in FW could have an effect on the initial core wettability.
2. Mg2+ in FW is more effective than Ca2+ on oil recovery even at high concentrations.
3. Surface reactivity tests showed that LS water can improve sweep efficiency at
lower divalent cation concentrations in FW.
4. Divalent cation exchange is necessary for oil recovery but not major. The pH jump
during LS water flooding is not only ascribed to the divalent cation exchange;
sodium ion was also a factor.
5. Our contact angle measurements and spontaneous imbibition experiments
supported the divalent cations (Mg2+) dominant role on LS water EOR effects.
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6. Desorption of initially adsorbed acidic materials and Ca

2+

+

(–COOCa ) onto

sandstone is less than desorption of (–COOMg+), which explain the effectiveness
of Mg2+ in FW other than Ca2+ during LS water flooding.
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ABSTRACT

The never ending challenge for petroleum engineers is to improve recovery from
existing reservoirs. One promising and relatively low cost method for improving recovery
is low salinity (LS) waterflooding. Previously [1], we studied the effects that divalent
cations (Ca2+ and Mg2+) in formation water (FW) have on LS water EOR tests, and we
found that higher concentrations of divalent cations generally and specifically Ca2+ in FW
lowered the performance of LS water EOR. In this study, we probe the significance of the
Ca2+ and Mg2+ concentrations in the injected LS water. We also measured the wettability
index to investigate the wettability alteration resulted after changing the divalent cations
concentrations. Berea sandstone cores were saturated with oil and connate FW. Each core
was flooded with two pore volumes (PV) of FW followed by two PV’s of various LS waters
at reservoir temperature (90°C). During flooding, aqueous samples of the effluent were
analyzed for pH, Ca2+ and Mg2+ concentration. Six LS water flood cases were
investigated: (a) 3x dilution of Ca2+ with original Ca2+ concentration; (b) 3x dilution of
Mg2+ with original Mg2+; (c) 3x dilution of both Ca2+ and Mg2+; (d) 10x dilution of Ca2+
with original Ca2+ concentration; (e) 10x dilution of Mg2+ with original Mg2+; (f) 10x
dilution of both Ca2+ and Mg2+. Overall, both Ca2+ dilution cases achieved a positive LS
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2+

effect (higher incremental oil recovery), with the 10x Ca dilution producing a larger effect
than the 3x dilution. The Mg2+ dilution cases produced either zero or small LS effects.
When both Ca2+ and Mg2+ were diluted, there was a positive LS effect but less than for just
Ca2+. The presence of Mg2+ inhibited the full benefit of the Ca2+ dilution.

1. INTRODUCTION

The literature on low salinity (LS) water-flooding effects in sandstone has
accelerated significantly as seen from the number of studies in the last couple of years.
Water-ﬂooding is extensively applied worldwide to improve oil recovery. It is documented
that water chemistry signiﬁcantly impacts the oil recovery factor [2]. In recent years many
researchers reported that water-flooding recovery factor increased significantly by
injecting LS water into sandstone reservoirs [3]. Wettability is one of the significant
parameters that control the efficiency of water-flooding. The wettability of a rock surface
is determined by the thickness and stability of the water film between the rock surface and
the crude oil [4]. Wettability alteration of parts of the rock surface from oil-wet to waterwet has been suggested as the primary mechanism for increased oil recovery during LS
water-flooding in both sandstone and carbonate reservoirs [5-7]. Number of literature have
studied LS water to modify the reservoirs wettability towards more water-wet and boost
the oil recovery [8-23].
Many mechanisms have been suggested of LS water. The proposed mechanisms
include: fines migration [24], reduction in interfacial tension [25], pH increase [2, 25],
multi-component ion exchange [26], double-layer expansion [27], desorption of organic
material from clay surfaces [11], mineral dissolution [28], cation exchange on quartz
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surface [29], and organic material desorption from quartz surface [29]. It is believed that
two or more of the mechanisms may work together during an LS water flooding [13, 29,
30].
Researchers paid attention to the wettability during designing LS water flooding.
Wettability can be defined as the preference of a solid surface to be wetted with one fluid
rather than other fluids in the system. Wettability of the rock depends on formation water
(FW) composition, injected water composition, mineralogy, physical and chemical
properties of the crude oil, and temperature [31]. The implication of using LS water
flooding is altering the wettability of the rock into more water-wet [3]. By obtaining more
water-wet condition, more oil can be recovered. The effect of divalent cations in FW on
wettability was discussed briefly in [1]. The results of our study showed that decreasing
Ca2+ in FW should have less of an LS effect than decreasing Mg2+, so a lack of LS EOR
effects seen with decreasing Ca2+ in the experiments.
After 20 years of researching the mechanisms of LS water flooding, the mechanism
of improved recovery using LS waters is still a topic of debate. However, when LS water
flooding is used as an EOR technique, the improved oil recovery is up to 40% of the
original oil in place (OOIP) [26], which is remarkable. The experimental observations of
Tang and Morrow [24] for LS water flooding set out conditions for how LS water works.
The conditions were: (1) the crude oil must contain acid and base numbers and (2)
sandstone should contain clay such as illite and kaolinite. After several years, McGuire
[25] and Lager and Webb [32] added another condition, which was that divalent cations
must be present in the FW. The second condition of Tang and Morrow was debated after
the investigations of Al-Saedi and Brady [29] and Sohrabi [33]. The observations from
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chromatographic columns of quartz showed an increase in the acetate detachment from the
quartz surface [29]. The oil recovery observations from the quartz column supported the
proposed mechanism (the clay is not essential) [34, 35]. Lager and Webb [32] examined
the effect of LS water during brine injection into a sandstone oil reservoir that had an
identical amount of Mg2+ in the injected brine and formation water. The observation from
the experiment was that less Mg2+ was produced in the effluent than the Mg2+ in the
formation water due to the chemical reaction. Ca2+ has the same behavior. When Ca2+ and
Mg2+ are hydrated in water, the reactivity of both increases with temperature and
decreasing the desorption rate [36]. Many studies have been presented in previous years
aimed at understanding the mechanisms of the LS water flooding and designing an
optimum recipe for the injected LS water.
Fines migration was one such mechanism [24]. Austad [11] attributed the effect of
LS water to the organic materials desorption from the clay surfaces. We investigated the
desorption of organic materials for free-clay sandstone and rich-clay sandstone and found
that the clay is not essential for observing LS EOR effect [29, 33-35].
The quartz surfaces and carboxylate are both negatively charged, so carboxylate
should be repelled from the quartz surface unless it forms a positively charged –COOCa+
group, is able to bridge with the quartz surface, and the reaction >SiO– + Ca+2 + COO– ↔
>SiOCaCOO. The results suggest that when LS water invaded the quartz, the reaction
above moved from right to left because of decreased Ca+2 levels [29]. The other mechanism
was suggested by Lager and Webb [26], which was multicomponent ion exchange between
the injected LS water and the porous media such as Ca2+ on the minerals surface
exchanging with H+ from the injected water. Many other mechanisms were proposed in the
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literature, such as mixed-wet particle release [24], and salt-in effect [32]. From the
literature test results, it is fundamentally approved that decreasing the general salinity,
particularly the concentration of divalent cations of the injected water, can enhance the oil
recovery. Though, there is no clear clarification of why the divalent cations (especially
Ca2+) are of primary importance in an LS water effect. The complexity of the crude oil–
brine–rock (COBR) system makes it difficult to predict the significant role of the Ca2+. Oil
recovery tests, wettability measurements by chromatographic separation of a tracer and
divalent cations, and reactive transport modeling could explain the vital role of the divalent
cations in the injected LS water. The purpose of this study is to investigate and clarify the
effect of divalent cations (Ca2+ and Mg2+) in the LS water, thus leading to a better
understanding of the mechanism behind the LS water flooding. In this paper, several Berea
sandstone cores were flooded with different ionic concentrations of LS water at reservoir
temperature to find an optimum design for LS water so as to achieve maximum oil
recovery. This study can provide insights to researchers when designing the LS water
flooding, and help researchers to decode the chemical mechanisms that control LS water
EOR flooding in sandstone since the wettability alteration mechanisms during low salinity
water-flooding are still less understood.

2. MATERIALS AND METHODOLOGY

2.1. MATERIALS
The brines were prepared by dissolving reagent grade salts in deionized water.
Cores and brine description are listed in Table 1. The FW salinity is 96100 ppm and the
LS water salinity is 4000 ppm containing only CaCl2, MgCl2 and NaCl. A crude oil from
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a Kansas oil field was used. The crude oil was diluted in the volume ratio 40/60
heptane/crude oil. The crude oil was then filtered through a 4.5 μm Millipore filter. No
precipitation of asphaltenes was observed after diluting with heptane. The viscosity of the
oil was 14 cP at 20°C, the density is 0.815 gm/cc at 20°C TBN is 1.14 mg KOH/g, TAN is
0.66 mg KOH/g. Heptane was delivered by Fisher Scientific with purity 99%, density
0.6838 g/cm³ at 20°C, and dynamic viscosity 0.42 mPa.s at 20°C. The experimental setup
is shown in the supplementary data in Figure 1.

2.2. CORE HANDLING
The cores were drilled from a Berea sandstone block which had identical
petrophysical properties. The cores were dried overnight at 90°C. The cores were then
vacuumed and saturated with FW under vacuum. The porosity was calculated from the
weight difference. The cores were mounted in the core holder for permeability
measurements. FW was used to measure permeability. Since the cores were sampled close
together from the same Berea sandstone, the permeability and porosity were identical. The
cores were flooded with 2 PV of crude oil (both directions) to establish Swi. The cores were
pre-aged in the crude oil for three weeks at 90°C. The S wi were 36.3%, 34.5%, 31.4%,
35.6%, 33.3%, 34%, 33.5%, and 34.2% for Core 1-1, Core 1-2, Core 2-1, Core 2-2, Core
3-1, Core 3-2, Core 4-1, and Core 4-2, respectively.

2.3. CORE FLOODING
The cores were then placed in the core holder and left overnight for thermal
equilibrium purpose. The Berea sandstone cores were flooded with 2 PV FW (96,100 ppm)
as a secondary flooding, and then 2 PV LS water (4000 ppm) was injected for the tertiary
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stage at a constant rate. The flow rate was 0.5 ml/min. While injecting brines, samples of
the effluent were analyzed for pH. The experiments were conducted as follows:
1. Core 1-1 was saturated with FW containing 90 mmole/l (mM) Mg2+, and then
flooded with the same FW followed by LS water containing 3 times diluted Mg2+
of the Mg2+ in FW.
2. Core 1-2 was saturated with FW containing 90 mM Mg2+, and then flooded with
the same FW followed by LS water containing 10 times diluted Mg2+ of the Mg2+
in FW while keeping the salinity of the LS water the same as in core 1-1 by adding
NaCl.
3. Core 2-1 was saturated with FW containing 90 mM Ca2+, and then flooded with the
same FW followed by LS water containing 3 times diluted Ca2+ of the Ca2+ in FW.
4. Core 2-2 was saturated with FW containing 90 mM Ca2+, and then flooded with the
same FW followed by LS water containing 10 times diluted Ca2+ of the Ca2+ in FW
while keeping the salinity of the LS water the same as in core 2-1 by adding NaCl.
5. Core 3-1 was saturated with FW containing 90 mM Mg2+ + 90 mM Ca2+, and then
flooded with the same FW followed by LS water containing 3 times diluted Mg2+
+ 3 times diluted Ca2+.
6. Core 3-2 was saturated with FW containing 90 mM Mg2+ + 90 mM Ca2+, and then
flooded with the same FW followed by LS water containing 10 times diluted Mg2+
+ 10 times diluted Ca2+ while keeping the salinity of the LS water the same as in
core 3-1 by adding NaCl.
7. Core 4-1 was prepared the same way as core 1-2 but was flooded with LS water in
the secondary stage to examine the response time of LS water containing d10Mg2+.
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8. Core 4-2 was prepared the same way as core 2-2 but was flooded with LS water in
the secondary stage to examine the response time of LS water containing d10Ca2+.
9. Wettability was measured using the chromatographic separation method for LS
flooding for cores 1-1, 1-2, 2-1, and 2-2 to investigate the wettability alteration in
the case of Ca2+ or Mg2+.
The salinity of LS water was the same for all LS water used in these experiments
(4000 PPM). The FW salinity was also the same for all experiments (96100 PPM).

2.4. CHEMICAL ANALYSES
The aqueous samples were collected by fraction collector for Ca2+ and Mg2+
analyses. Ca+2 and Mg2+ concentrations were measured using an inductively coupled
plasma–optical emission spectroscopy (Perkin Elmer 2000D ICP-OES) with 97%
reproducibility (accuracy).

2.5. pH MEASUREMENTS
The pH was measured using a Symphony B10P pH meter from VWR. The pH
measurements were conducted on each 3 ml of sample which were collected by the fraction
collector. The calibration was done using three buffers (4, 7, and 14).

3. RESULTS AND DISCUSSIONS

Numerous field pilots and laboratory works have been conducted and provided
notable oil recovery improvement when injecting LS water into reservoirs and outcrop
sandstone [2, 24, 26, 37].
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Figure 1. CoreFlood setup.

Table 1. Cores and Water Description.
Quartz
,%

Core
Core#1-1
Core#1-2
Core#2-1
Core#2-2
Core#3-1
Core#3-2
Core#4-1
Core#4-2

95

Kaolinit
e, %

5

D,
cm

Length
, cm

2.54

14.77
14.67
14.78
14.67
14.63
14.67
14.20
14.19

K, md

~100

ф, %

Ca2+ in
FW
(mM)

Mg2+
in FW
(mM)

~21

0
0
90
90
90
90
0
90

90
90
0
0
90
90
90
0

Ca2+ in
LSW
(mM)
0
0
30
9
30
9
0
30

Mg2+
in
LSW
(mM)
30
9
0
0
30
9
30
0

The incremental oil recovery ascribed to the mechanisms were mentioned earlier in
the introduction, and to the wettability alteration of the sandstone towards more water-wet.
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The chemical composition of the injection brines was carefully dealt with by Morrow et al.
[8, 9, 24, 38, 39,]. In previous work [1], we investigated the role of the divalent cations
(Ca2+ and Mg2+) in the FW on the LS EOR and found that the role of the Mg2+ in FW is
more effective than the Ca2+ even at high concentrations. As the concentration of the
divalent cations increases in the FW, the sandstone turned more water-wet and less LS
EOR effect was observed. In the present study, the focus was on the divalent cations in the
injected LS water. The oil recovery results have been discussed in relation to the
concentrations of the injected divalent cations. Table 2 lists the results of this study.

3.1. EFFECT OF Mg2+ ON THE OIL RECOVERY BY LS WATER
The LS water containing Mg2+ injected into a core saturated with Mg2+ only. The
outcrop core 1-1 was sequentially flooded with FW and LS water at 90°C. No increased
oil recovery was observed during LS water flooding (d3Mg2+) after core 1-1 was flooded in
secondary stage with FW. The ultimate oil recovery remained constant at 52.5% OOIP
(Figure 2a). The measurements of the pH were logged for the FW and LS water injections.
The pH for FW effluent was 6.63 (Figure 2c), which must be sufficiently low to promote
adsorption of polar components onto the sandstone surface [40]. The injection pressure was
37 psi during the FW flood. The LS water injection pressure decreased to 32 psi (Figure
2a).
When switching from FW to LS water, the pH of the LS water effluent increased
to 7.15 (Figure 2c), which was small pH increment due to the high concentration of Mg2+
in the injected LS brine demonstrating very low wettability alteration. According to Lager
and Webb [5] and Brady and Morrow [41], the difference in upward shift in effluent pH
between HS and LS water is traditionally ascribed to the exchange of H+ for divalent

118
cations on clay surfaces. Our previous work showed a similar attitude on both free-clay
sandstone and rich-clay sandstone [29]. More water-wet sandstone would be expected due
to that pH jump [42]. It seems the core wettability has not been altered by the injected LS
water because of the high concentration of the Mg2+. Mg2+ was responsible for the low pH
in the LS water effluent, and in turn, no additional oil recovery was obtained.
Core 1-2 was flooded the same way as in core 1-1 but with d10Mg2+ LS water. As
pointed previously, core 1-1 and core 1-2 were both saturated with FW containing 90 mM
Mg2+.The oil recovery during FW forced imbibition reached a plateau at 52.2% OOIP
(Figure 2b). The oil recovery was similar to core 1-1 because the cores were similar
petrophysically, and identical procedures were used. Upon switching to LS water, the
incremental oil recovery was 1.5% of OOIP (Figure 2b). Diluting the Mg2+ 10 times in the
injected LS water improved the oil recovery from 0% to 1.5%. The initial pH of the FW
was 6.83, and the pH increased to 8 when switching to LS water (Figure 2d), which was
significantly higher than for the core 1-2. The pH during FW flooding providing a favorable
environment for creating mixed-wet media [43]. The pressure profile had similar behavior
to that in core 1-1 (Figure 2b).

3.2. EFFECT OF Ca2+ ON THE OIL RECOVERY BY LS WATER
The LS water containing Ca2+ injected into a core saturated with Ca2+ only. The
systematic study performed by Aghaeifar et al. [43] developed the relationship between the
FW salinity and the LS EOR effect. When the reservoir core was pre-aged and flooded
with the FW (salinity was 200,000 ppm, 640 mM Ca2+), no LS EOR effect was observed.
The oil recovery during secondary flooding with FW reached the ultimate recovery plateau
of 43.25 % OOIP (Figure 3a), which was less than the ultimate recovery of core 1-1 (aged
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in 90 mM Mg ), which was 52.5% of OOIP, meaning that abundance of Mg

2+

in the

injected FW is more favorable than the Ca2+. Upon switching to LS water flooding, the
improved oil recovery was 2.7% of OOIP (Figure 3a), which was greater than core 1-1 (0%
OOIP) and core 1-2 (1.5% OOIP) indicating that the abundance of Ca2+ in the injected LS
water is more favorable than the Mg2+.

Figure 2. (a) Core 1-1 oil recovery and injection pressure (b) Core 1-2 oil recovery and
injection pressure, (c) Core 1-1 effluent pH, and (d) Core 1-2 effluent pH. Core 1-1 and
core 1-2 saturated in FW containing 90 mM Mg2+ and the rest NaCl. Core 1-1 and Core
1-2 flooded with FW followed by LSW containing d3Mg2+ and d10Mg2+. The FW salinity
is 96100 ppm and the LSW salinity is 4000 ppm.
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The FW effluent pH was around 7, while it jumped up to 8.27 after injecting 2 PV
LS water, indicating increased cation exchange occurred between Ca2+ and H+, and in turn,
more polar component desorbed from the minerals surface. As a result, the wettability
altered towards more water-wet condition and more oil recovery occurred during LS water
flooding.
The injection pressure during FW flooding jumped to 134 psi (Figure 3a). This
high-pressure behavior is explained by our previous work with kaolinite [29]. Kaolinite is
not a swelling clay; the high Ca2+ concentration led to “edge to face” agglomeration of the
kaolinite plates to form higher volume assemblages. This has led to reduced permeability
and increase in pressure. The more LS water flooded, the more agglomerated Ca2+ flushed
out the core until the pressure stabilized at 87 psi during LS water flooding (Figure 3a).
The injection pressure for core 2-2 was much less than in core 1-1 because the Ca2+ was
diluted 10 times (Figure 3b), but it still doubled the pressure in both core 1-1 and core 1-2
due to the agglomeration Ca2+ effect under the kaolinite layers. The ultimate oil recovery
was similar to core 2-1, which was 44.7% of OOIP after injecting 2 PV of FW (Figure 3b).
The improved oil recovery from flooding with LS water was the higher than the other cores
at 5% of OOIP. It appears decreasing the amount of Ca2+ in the LS injection water has
more significant impact than decreasing the Mg2+ concentration; Reducing Mg2+ (10 times)
in the LS water provided a 1.5% improved oil recovery, while it improved to 5% of OOIP
when reducing the Ca2+ 10 times. Literature has shown that it is better to deplete both Ca2+
and Mg2+ in the injected LS water, as we observed in previous work [1], but it seems
difficult to have a cost effective solution, especially offshore since natural sources of LS
water flooding are typically rivers, lakes or aquifers and offshore solutions have to be
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engineered. For that reason, we should pay attention to the concentrations of divalent
cations in the injected FW and LS water.
The observations of this work indicated that the Mg2+ could be preferred for
secondary oil recovery and should be lowered as much as the technology can for the LS
water. For example, when core 2-1 was pre-aged in Ca2+ only, the secondary oil recovery
was lower than that in the core containing Mg2+ only (core 1-1).
In the previous work [1], the observations were that the existence of Mg2+ in the
FW is favorable for more secondary and tertiary oil recovery. The core was pre-aged in
FW containing 89 mM Mg2+ and flooded with the same FW for the secondary stage. The
oil recovery was 50% of OOIP by FW flooding, and it was 17.5 % of OOIP after flooding
the core with 0 mM divalent cations (1182 ppm salinity, NaCl only) [1].
In the present study, the same FW was used, but the LS water contained 10 times
diluted Mg2+ of the Mg2+ in the FW and the secondary recovery was 52.5%, while the
tertiary recovery was 0%. It is worth mentioning that the same materials and preparations
were conducted for this work and the previous work [1].
The Ca2+ concentration, on the other hand, was observed to be favorable for the LS
water flooding, but at lower concentrations. In the same study [1], we observed the
presence of Ca2+ in the FW reduce the LS EOR effect. The LS water contained no divalent
cations. Doubling the concertation of Ca2+ from 89 mM to 178 mM in the FW reduced the
secondary oil recovery by 10% of OOIP and reduced the recovery by LS from 5% to 1%
of OOIP. That means the abundance of Ca2+ in the FW could affect the oil recovery.
In the current study, the concentration of the Ca2+ was constant to 90mM in the FW, and
the LS water contained 3 times and 10 times Ca2+ diluted of the Ca2+ in the FW of the core
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2-1 and core 2-2. The results showed that diluting the Ca 10 times in LS water improved
the recovery from 2.7% to 5% of OOIP, meaning that the oil recovery was increased by
approximately twice. Even diluting the Ca2+ 3 times in the LS water was better than diluting
the Mg2+ 10 times, showing the important role of Ca2+ in the LS water. It is obvious that
the ultimate oil recovery for both core 1-1 and core 1-2 was greater than for core 2-1 and
core 2-1, confirming that the Mg2+ is preferable for secondary oil recovery when it is
present in the FW. It was also observed that as the concentration of the divalent cations
decreases in the injected LS water as the pH of the LS water effluent increases. It may
allow for an appropriate environment for cation exchange.
It is worth mentioning that it is complicated in the oil field to see a big jump of the
pH as can be observed in the laboratory experiment because of many factors such as rock,
dissolved gases and oil component buffering.

3.3. EFFECT OF BOTH Mg2+ AND Ca2+ ON THE OIL RECOVERY BY LS WATER
In this experiment, the LS water containing Mg2+ and Ca2+ injected into a core
saturated with Mg2+ and Ca2+. Combining the most important divalent cations together in
the FW and diluting both in the injected LS water could provide an extra explanation of
the role of Ca2+ and Mg2+ in the LS water EOR. Both divalent cations were added to the
FW with a concentration of 90mM each. The injected LS water contained 3 and 10 times
diluted of Ca2+ and Mg2+. Core 3-1 was flooded with 3 times diluted Ca2+ and Mg2+, and
core 3-2 was flooded with 10 times diluted Ca2+ and Mg2+ of their amount in the FW.
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Figure 3. (a) Core 2-1 oil recovery and injection pressure (b) Core 2-2 oil recovery and
injection pressure, (c) Core 2-1 effluent pH, and (d) Core 2-2 effluent pH. Core 2-1 and
core 2-2 saturated in FW containing 90 mM Ca2+ and the rest NaCl. Core 2-1 and Core
2-2 flooded with FW followed by LSW containing d3Ca2+ and d10Ca2+.The FW salinity is
96100 ppm and the LSW salinity is 4000 ppm.

The ultimate oil recovery of core 3-1 was 48.6% of OOIP (Figure 4a). Comparing
this percentage of recovery with the core 1-1 (which contained the same amount of Mg2+
in the FW and LS water), the recovery from this core was lower than in core 1-1 (which
was 52.5) (Figure 2a). The reason was the existence of the Ca2+ in the FW, as we explained
previously. Similarly, comparing 48.6% recovery with core 2-1 (which was containing the
same amount of Ca2+ in the FW and LS water), the recovery from core 3-1 was higher than
in core 2-1 because of the presence of the Mg2+ (Figure 3a). Core 3-1 oil recovery was in
between core 1-1 and core 2-1. We aimed to conduct this experiment on core 3-1 in order
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to clarify the important role of the Mg in the FW in improving the ultimate oil recovery
during secondary oil recovery.
For the same core, the tertiary flooding with LS water containing d3Mg2+ resulted in
improved oil recovery of 2.2% of OOIP (Figure 4a), which was 0% in core 1-1 (Figure 2a)
(containing Mg2+ only), and was 2.7% in core 2-1 (Figure 3a) (containing Ca2+ only),
meaning that the abundance of the Ca2+ in injected LS water could enhance the
effectiveness of the LS water, conversely the Mg2+. The other supporting evidence was the
pH measurements. The LS water effluent was 7.42 (Figure 4c), while it was 7.15 and 8.27
for core 1-1 and core 2-1, respectively. That means the abundance of the Mg2+ in the
injected LS water plays an inhibitor role of the wettability alteration of the sandstone to
become more water-wet. The pH increase near the mineral surface is required to desorb the
polar component of the crude oil from the mineral surfaces and enhance the rock water
wetness [42]. The encouraging results of core 3-1 were the reason to conduct another run
for core 3-2, which contained the same FW of core 3-1, but concentrations of Ca2+ and
Mg2+ in the LS water were diluted 10 times their concentrations in the FW the same way
as in core 1-2 and core 2-2.
The ultimate oil recovery with FW was 48.9% of OOIP for core 3-2 (Figure 4b),
while it was 52.2% and 44.7% of OOIP for core 1-2 and core 2-2, respectively (Figures 2b
and 3b). The results were in line with the previous explanation. The ultimate recovery of
core 3-2 was lower than in core 1-2 because of the presence of the Ca2+ in the FW, while
it was higher than in core 2-2 because of the presence of the Mg2+. As mentioned
previously, the abundance of the Mg2+ in FW improved the ultimate oil recovery during
secondary flooding. Upon switching to LS water, the improved oil recovery was 3.1% of
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OOIP (Figure 4b), while it was 1.5% and 5% for core 1-2 and core 2-2, respectively
(Figures 2b and 3b). Those results supported our interpretations of the role of Mg2+ and
Ca2+ in the LS water. The abundance of the Ca2+ in the injected LS water was the reason
behind increasing the oil recovery from 1.5% in core 1-2 to 3.1% in core 3-2, and the
abundance of Mg2+ in LS water was the reason of reducing the oil recovery from 5% in
core 2-2 to 3.1% in core 3-2. The injection pressure for core 3-1 and core 3-2 was similar
for that in core 2-1 and core 2-2. The pressure was high due to the agglomeration of Ca2+
under kaolinite layers, which expand the kaolinite plates and reduce the permeability, and
in turn, increasing the injection pressure (Figure 4a and 4b). In other words, Ca2+ is more
favorable in LS water for the tertiary flooding, and Mg2+ is more favorable in the FW for
secondary flooding.
One can conclude that diluting divalent cations reduces the ionic strength which is
thought to play a role in mechanisms such as double layer expansion. That conclusion is
correct, but this study providing insights of what if we have a high/low concentration of
divalent cations and how does that affect LS EOR. However, diluting the Mg2+ to 10 times
could improve the oil recovery, but diluting Ca2+ improved the recovery much higher than
diluting the Mg2+. The results provide insights to researchers/industry when designing the
LS water flooding.

3.4. RESPONSE TIME OF LS WATER FLOODING
Both core 4-1 and core 4-2 are identical to the all previous cores in properties and
in preparation. The effectiveness of using LS water in the secondary stage instead of the
tertiary stage was examined. The experimental temperature was the same as the previous
experiments at 90°C. The core was only flooded with LS water. Core 4-1 was pre-aged in

126
the same FW water as core 1-2, and core 4-2 was saturated with the same FW of core 2-2.
Core 4-1 was flooded with the same LS water as core 1-2, and core 4-2 was flooded with
the same LS water as core 2-2. We chose 10 times diluted LS water in order to show the
importance of the divalent cations in the LS EOR observation since both core 1-2 and 2-2
provided interesting results. The ultimate recovery plateau of 43% OOIP (Figure 5a) is
obviously less than the 52.2% OOIP of recovery observed in the secondary FW (Figure
2b). Adding the 1.5% OOIP of tertiary recovery of core 1-2, the total recovery of 53.7%
OOIP was significantly higher than what was observed in core 4-1. A difference of 10.7%
OOIP is observed between core 4-1 and core 1-2. The oil recovery results of core 4-1
supported our results in all previous cores and uphold our interpretation of Mg2+ effect on
secondary and tertiary recovery. The interpretation was Mg2+ is a good candidate for
existence in the FW for increasing secondary oil recovery only. The abundance of Mg2+ in
the LS water reduced the LS EOR effect. The pH did not jump enough to initiate a good
environment for altering the sandstone wettability towards more water-wet. The pH of LS
water effluent was 7.52 (Figure 5c). The ultimate oil recovery for core 4-2, on the other
hand, was significantly high. The highest oil recovery among all other cores was in core 42. The ultimate oil recovery was 60.5% OOIP (Figure 5b), which was higher than core 22 when using FW for secondary recovery (44.7% OOIP) (Figure 3a) and LS water for
tertiary recovery (5% OOIP) (Figure 3a). The interesting results of core 4-2 were not only
higher recovery, but also that it was injecting less PV and getting higher recovery. The total
PV injected was 2 PV with 60.5% oil recovery of OOIP at the first injected PV, while it
was 4 PV with 49.7% of OOIP for core 2-2 (Table 3). The LS water pH was 8.65 (Figure
5d), which was also the highest.
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We previously reported [1] that experimental work has shown positive oil recovery
when the Mg2+ was presented in the FW. In this study, with the presence of the Mg2+ in the
FW, the injected LS water containing Mg2+ could reduce the effect of LS water EOR. In
the same previous work [1], we reported that the abundance of Ca2+ in FW could reduce
LS EOR effect, even though we presented the same amount of Ca2+ in the FW, but the
abundance of the Ca2+ in LS showed significant LS EOR results.
While initiating Swi, at all cases and for all cores, the water displaced by oil was
higher for the cores containing Mg2+ in the FW, meaning that the abundance of Mg2+ in
FW reduced the sandstone water wetness. For that reason, we measured the wettability of
both cores saturated with Ca2+ or Mg2+ in order to investigate the wettability alteration
caused by Mg2+ or Ca2+.

Table 2. Oil Recovery Results for Both FW and LS Water Flooding.
Core
Core#11
Core#12
Core#21
Core#22
Core#31
Core#32

Ca2+ in
FW
(mM)

Mg2+ in
FW
(mM)

Ca2+ in
LSW
(mM)

0

90

0

0

90

0

90

0

30

90

0

9

90

90

30

90

90

9

Mg2+ in
LSW
(mM)
30
9
0
0
30
9

SOR by
FW, %

Sor , %

TOR by
LSW, %

ΔSor, %

52.5

47.5

0

47.5

52.2

47.8

1.5

46.3

43.25

56.75

2.7

54.05

44.7

55.3

5

50.3

48.6

51.4

2.2

49.2

48.9

51.1

3.1

48

By LS,
%
Core#49
0
90
0
43
57
1
Core#40
90
0
9
60.5
39.5
2
SOR: Secondary Oil Recovery; TOR: Tertiary Oil Recovery; FW: Formation Water; LSW: Low Salinity
Water; Sor: Residual Oil Saturation
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Figure 4. (a) Core 3-1 oil recovery and injection pressure (b) Core 3-2 oil recovery and
injection pressure, (c) Core 3-1 effluent pH, and (d) Core 3-2 effluent pH. Core 3-1 and
core 3-2 saturated in FW containing 90 mM Ca2+ and the rest NaCl. Core 3-1 and Core
3-2 flooded with FW followed by LSW containing d3Ca2+ + Mg2+ and d10Ca2++ Mg2+. The
FW salinity is 96100 ppm and the LSW salinity is 4000 ppm.

3.5. WETTABILITY MEASUREMENTS
We used our new method for measuring wettability of sandstone as described in
our work (Al-Saedi et al., 2018) [44]. Figures (6, 7, 8, and 9) illustrate the wettability
measurements after using LS water for core 1-1, 1-2, 2-1, and 2-2. The area between Mg2+
and Br- was 0.1213 and 0.1358 after injecting LS water for core 1-1 and core 1-2,
respectively. Similarly, the area between Ca2+ and Br- was 0.1609 and 0.1735 after
injecting LS water for core 2-1 and core 2-2, respectively.
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Figure 5. (a) Core 4-1 oil recovery and injection pressure (b) Core 4-2 oil recovery and
injection pressure, (c) Core 4-1 effluent pH, and (d) Core 4-2 effluent pH. Core 4-1 and
core 4-2 saturated in FW containing 90 mM Mg2+ and 90 mM Ca2+, respectively, and the
rest NaCl. Core 4-1 and Core 4-2 flooded with LSW containing d10Mg2+ and d10Ca2+. The
LSW salinity is 4000 ppm.

Dividing those areas by the area of the 100% water-wet core (the area was 0.209),
provided the wettability index of the four cores. Thus, the wettability index was then
calculated by dividing Ao by AH. The wettability index ranged from 0 for strongly oil-wet
to 1 for strongly water-wet and 0.5 for intermediate wettability [44]. Wettability index
during flooding core 1-1 by d3Mg2+ LS water was 0.58, while it was 0.65 for d10Mg2+ LS
water, meaning that the wettability of the porous media altered to more water-wet when
diluting the Mg2+ in the injected LS water. Similarly, wettability index during flooding core
2-1 by d3Ca2+ LS water was 0.77, while it was 0.83 for d10Ca2+ LS water, meaning that the
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wettability of the sandstone altered to more water-wet when replacing Mg by Ca even
at a high Ca2+ concentration in the injected LS water. Furthermore, diluting the Ca2+
concentration in the injected LS water showed wettability alteration towards more waterwet. The wettability measurement results were in line with previous investigations, which
conclude that Mg2+ is not favorable for LS water injection.

Table 3. Results summary.
Brine

Core 1-1

Core 1-2

Core 2-1

Core 2-2

Core 3-1

Core 3-2

Core 4-1

Core 4-2

FW

52.5

52.2

43.25

44.7

48.6

48.9

-

-

d3FW

0

-

2.7

-

2.2

-

-

-

d10FW

-

1.5

-

5

-

3.1

43

60.5

FW pH

6.63

6.83

7.1

6.95

6.6

6.77

-

-

LS pH

7.15

8

8.27

8.61

7.42

8.44

7.52

8.65

WI

0.58

0.65

0.77

0.83

-

-

-

-

Figure 6. Effluent concentration of Mg2+ and Br- for core 1-1.
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Figure 7. Effluent concentration of Mg2+ and Br- for core 1-2.

Figure 8. Effluent concentration of Ca2+ and Br- for core 2-1.
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Figure 9. Effluent concentration of Ca2+ and Br- for core 2-2.

3.6. GENERAL COMMENT
Reinholdtsen et al. (2011) [45] conducted a systematic experimental study on a
reservoir core from sandstone Lunde formation. When the flooding sequence was FW, SW,
and 500 ppm NaCl (LS water), the additional oil recovery using SW was 4% OOIP, and
no additional recovery was observed during LS water flooding. Seawater and FW have
similar salinity.
The concentration of Ca2+ was then reduced by three times in the SW and the oil
recovery increased. In the same study, the concentration of Mg2+ in SW is more than six
times that in the FW, but the effect of Mg2+ was negligible. This is agree with our
observations that diluting/depleting Ca2+ results in a higher oil recovery regardless of the
Mg2+. Xie et al., (2017) [46] conducted a zeta potential test on FW and softened brine (FW
depleted in divalent cations), and the zeta potential results were -3.56 and -6.60 mv for
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rock/FW and rock/softened brine, respectively, that agree with our results where the
diluting of divalent cations causes an oil recovery improvement.
The reactive transport model conducted in our study [22] show that the Mg2+ does
not behave (less potential) as Ca2+ when present in the sandstone (kaolinite). Decreasing
the Mg2+ concentration will decrease the number of the most effective kaolinite edges SiO– and Al-O–, but was not as great as that present in Ca2+, which explains why reducing
Mg2+ concentration gives lower additional oil recovery.
The reactive transport modeling showing in Figures (10 and 11) was in line with
coreflood experiments. Reducing the Mg2+ concentration will reduce the effective kaolinite
edges Al:Si-O, but was not as pronounced as that present with Ca2+, which explains why
lowering Mg2+ concentration gives lower additional oil recovery, and why lowering Ca2+
concentration gives higher additional oil recovery.
It might be because Mg2+ is very strongly hydrated compared to Ca2+, which means
that Mg2+ cannot sorb as closely. The surface concentration of >Al-O–, >Si-O–, >Al-O-Ca+,
and >Si-O-Ca+ is higher than any other surface complex. This indicates the strong affinity
of the kaolinite sites to Ca2+.
When hydroxylated Al and Si react with Ca2+, Ca2+ affixes to the Al and Si,
resulting in high surface complexes. Decreasing the Ca2+ concentration will decrease the
number of the most effective kaolinite edges Si-O– and Al-O–, which clarifies why lowering
Ca2+ concentration gives additional oil recovery.
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Figure 10. Surface concentration ratio of surface complexes versus injected pore volume
at the kaolinite surface when Ca2+ present in the injected brine [22].
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Figure 11. Surface concentration ratio of surface complexes versus injected pore volume
at the kaolinite surface when Mg2+ present in the injected brine [22].
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4. CONCLUSIONS

In this paper, we investigate the role of divalent cations in FW and LS water
flooding in sandstone. Two formation waters (FW) were used: one with Mg2+ but no Ca2+,
and the other with Ca2+ but no Mg2+. The two Mg2+ FW cores were flooded with the same
FW and then followed with two dilutions—1/10 Mg2+ for one core and 1/3 Mg2+ for the
other core. The two Ca2+ FW cores were flooded with the same FW and then followed with
two dilutions—1/10 Ca2+ for one core and 1/3 Ca2+ for the other core. For the first flooding
stage, the Mg2+ FW flood produced approximately 10% more incremental oil than the first
Ca2+ flooding stage. But for the second flooding stages, the Mg2+ diluted floods produced
very little incremental oil whereas the Ca2+ diluted floods produced much more incremental
oil. If both flooding stage recoveries are summed, the end result is that the Ca2+ cases had
overall higher recovery than the Mg2+ cases. The third FW (containing Ca2+ and Mg2+), and
the results were in between.
The general conclusion can be drawn as follows:
1. When Mg2+ exists in the LS water, there is no oil recovery improvement during LS
water flooding. There is no pH jump. It seems Mg2+ disrupts LS water EOR effect.
Abundance of Mg2+ in the injected LS water could provide 0% in oil recovery
improvement, but diluting the Mg2+ to 10 times could improve the oil recovery.
2. The experiments showed that Mg2+ is favorable for secondary stage when the Mg2+
is presented in the FW and the injected FW during secondary flooding, while Ca2+
is favorable for LS water flooding (tertiary stage) even though the Ca2+ is presented
in the FW, which is considered unfavorable to present in the FW for LS EOR affect.
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3. Secondary LS water flooding enhanced the oil recovery significantly by less PV
injected. Injecting 1 PV LS water in secondary stage provided oil recovery of 60.5%
OOIP. Using LS water in secondary stage providing more recovery with lower cost.
4. The abundance of Ca2+ in the injected LS water could improve the oil recovery;
however, diluting the Ca2+ in the injected LS water is required for extra oil recovery
improvement.
5. Wettability measurements showed that the abundance of the Mg2+ in the injected
LS water has a minor effect in changing sandstone wettability, while a major effect
of Ca2+ was observed which triggers wettability alteration of the sandstone towards
more water-wet.
6. Reactive transport model showed that reducing the concentration of Mg2+ lessen
the number of the most effective kaolinite edges Si-O– and Al-O–, but was not as
great as that present in Ca2+, which explains why lowering Mg2+ concentration
gives lower additional oil recovery.
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ABSTRACT

In this study, we combined low-salinity (LS) water and steam as a novel EOR
method that can provide additional oil recovery up to 63% of original heavy oil in place,
which is a very promising percentage. The LS water flooding and steam flooding are two
novel combination flooding methods that were combined due to the significant effect of
both methods in reducing residual oil saturation (especially heavy oil). The laboratory
observations of LS water have been conducted by laboratory and pilot tests, which
indicated that LS water could increase recovery to 41% of original oil in place. The thermal
aspects provided by steam flooding enhanced heavy oil recovery in many field projects.
Although the steam provided additional heavy oil recovery, the density difference between
injected steam and in-situ heavy oil raised badly-behaved displacement issues. The
problems could be steam channeling, gravity override, and early breakthrough. In view of
that, we developed the low salinity alternating steam flood (LSASF) to gather the benefits
of LS water (altering sandstone wettability), reduce oil viscosity by steam, and prevent the
steam problems mentioned earlier. Contact angle measurements showed that flooding the
core using LSASF method resulted in more water wetness to the sandstone cores. Many
scenarios were conducted experimentally and the laboratory experiments showed that the
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optimum set-up was reducing the injected LS-steam cycles. The shorter the injected cycles
are, the more the oil recovery is.

1. INTRODUCTION

The ever-growing demand for oil entices the oil industry and researchers to provide
feasible techniques that can cover that demand globally. There are important aggregates of
heavy oil reserves that have been discovered worldwide such as in North America, yet
those hydrocarbons cannot be extracted and exploited unless the viscosity is reduced. Many
techniques have been developed and used to enhance the oil recovery. One of those
techniques uses thermal processes. Thermal techniques were used to reduce heavy oil
viscosity and surface tension in order to extract and exploit the oil more easily. Thermal
enhanced oil recovery (EOR)/ improved oil recovery (IOR) methods can be classified into
(1) cyclic steam injection, (2) steam flooding, (3) in-situ combustion, (4) solar thermal, (5)
steam-assisted gravity drainage (SAGD)…etc. Many steam flooding and steam cyclic
stimulation projects have been conducted worldwide to increase heavy oil recovery. Ali
(1974) listed the projects that have been done in California, Venezuela, and other oilfields.
The projects were successful in increasing oil recovery by applying heat and reducing the
oil viscosity. By 1970, the oil production rate was 30,000 barrel/day (bbl/d) from California
oil fields and increased up to 150,000 bbl/d after 12 years using steam techniques
(Matthews 1983). The steam flooding method is not always the optimum solution for
viscous oils. By the time, the problems associated with steam injection became more
serious such as steam channeling and gravity override (Hong and Stevens 1990). Steam
can propagate through high-permeability channels in reservoirs and cause an early steam
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breakthrough, which is not favorable in flooding projects. Similarly, the density difference
between the steam and viscous oil causes a gravity override, and in turn, the steam project
fails. Water alternating gas (WAG) was the best solution to overcome the previously
mentioned steam problems (Ghedan 2009; Alvarado and Manrique 2010). WAG was
suggested as a technique to improve gas injection sweep efficiency by injecting the gas and
the water sequentially to control the mobility of the displacement (Stalkup 1983).
The water alternating steam process (WASP) is, like the WAG process, used for
gas floods in that two fluids with widely different densities are injected alternately over
more than one cycle. The WASP decreases channeling tendencies and gravity override of
the gas phase, thus enhancing vertical conformance of a reservoir. The main difference
between WAG and WASP is that the gas phase in WASP is condensable and at a much
higher temperature than that of the liquid phase. The WASP reduces/eliminates steam
breakthrough because water that is injected after steam causes the steam zone to collapse
while tending to pass a reservoir. In turn, more vertical thermal fronts are formed (Hong
1992).
LS water, on the other hand, was used in this work because of its effect on
recovering oil from sandstone based on the work of many authors (e.g., Tang and Morrow
1999; McGuire et al. 2005; Lager et al. 2006; RezaeiDoust et al. 2009; Ligthelm et al. 2009;
Austad et al. 2010; Aksulu et al. 2012; Al-Saedi and Brady et al. 2018). To our knowledge,
no studies have been performed that use both LS water and steam in the same process.
Alternating steam with water can reduce gravity override and channeling problems
(Hadlow 1992). Using LS water instead of normal water can also increase oil recovery by
altering sandstone wettability towards more water-wet and can also improve the
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microscopic sweep efficiency (Austad et al. 2010; Reinholdtsen et al. 2011; RezaeiDoust
et al. 2011). This study aims to deliver visions to researchers and industry when designing
thermal EOR especially steam flooding and WASP.

2. METHODOLOGY

2.1. CORE PREPARATION AND FLOODING
Four Berea sandstone cores were utilized for this study. The cores were evacuated
for a day and then saturated with synthetic formation water (FW). Porosity was obtained
from the weight difference before and after saturating the cores with FW. Permeability was
measured by placing a core inside a core holder and injecting FW until pressure stabilizes
and then Darcy law was used to calculate it. The water was displaced with three pore
volume (PV) (both direction) high viscosity oil to achieve initial water saturation (Swi) and
was then allowed to age for five weeks at 90°C with crude oil in a closed container. These
cores were then flooded with 2 PV FW and then followed by 2 PV LS water at room
temperatures. The LS water was diluted 100x (symbolized d100FW) from the FW. The flow
rate was 0.5 ml/min. The confining pressure was 600 psi. FW was injected into the cores
until residual oil saturation (Sor) was reached. After maximum oil recovery with FW and
no more oil was recovered, LS water was then injected until no more oil was produced and
injection pressure stabilized. The steam temperature was 150°C. The new combined
technology was conducted in four scenarios on four cores. The physical significance of the
designed scenarios is as steam altered with LS water, the oil recovery increases because
intermitting LS water does not allow steam to went through early breakthrough and
channeling. The scenarios are: (1) 1 PV steam followed by 2 PV LS water; (2) 0.5 PV
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steam + 1 PV LS water + 0.5 PV steam + 1 PV LS water; (3) 0.25 PV steam + 0.5 LS water
+ 0.25 steam + 0.5 LS water; and (4) Huffed 0.9 PV steam and puffed in half hours, then
injected 0.5 LS water + 0.5 steam + 0.5 LS water.

2.2. CRUDE OIL AND BRINES
A reservoir’s crude oil was delivered by Colt Energy from Eastern Kansas. The oil
viscosity was 600 cp and the density was 0.83 gm/cc at 20°C. Reagent-grade salts were
prepared with deionized water to make FW and LS water. The compositions of the brines
are listed in Table 1. We aimed to add the same divalent cations concentration (Ca2+ and
Mg2+) in FW in order to avoid any other factors that might affect oil recovery.

2.3. POROUS MEDIA
Core samples were taken from the same Berea sandstone block (similar
petrophysical properties) and dried overnight in the oven at 90°C. The cores’ descriptions
are given in Table 2. The X-ray diffraction (XRD) test shows 5% kaolinite present in the
core and the rest is quartz. The cores were saturated for two days under vacuum in FW.
The permeability was measured using FW.

2.4. SETUP
The simple set up made of sandstone cores and a core holder configured to displace
the crude oil with FW and LS water (Figure 1). The schematics of the set up used to test
the novel combination of LS water flooding and steam flooding in these experiments are
presented in Figure 2.
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Table 1. Brines Composition (mmol/l).
Brines

Na+

Mg2+

K+

Cl–

Ca2+

TDS

IS

Monovalent

Divalent

FW

1500

89

33

1880

89

108460

2.06

0.507

0.066

LS

0.020
0.787
0.383
(d100FW)
6
Monovalent: Activity coefficient for monovalent ions; Divalent: Activity coefficient for divalent ions
TDS: Total Dissolved Solids (mg/l); IS: Ionic Strength;
1.5

0.089

0.033

1.88

0.089

1085

Table 2. Mineralogy and Petrophysical Properties of Sandstone Cores.
Core
Senario#1
Senario#2
Senario#3
Senario#4

Quartz,
%
95
95
95
95

Kaolinite, %

Diameter, cm

Length, cm

5
5
5
5

2.54
2.54
2.54
2.54

14.32
14.25
14.30
14.30

Figure 1. CoreFlood Setup.

K,
md
98
101
100
100

Porosity,
%
20.0
20.22
20.13
20.04
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Figure 2. LSASF CoreFlood Setup.

3. RESULTS AND DISCUSSIONS

The petrophysical parameters of the cores were very homogenous. The
permeability and porosity of the cores were ~100 md and ~20%, respectively. The crude
oil had a viscosity of 600 cp. The results of the four scenarios are as follows:

3.1. SCENARIO#1
The core was flooded with FW, and about 41.9% of the original oil in place (OOIP)
was recovered. The oil recovery was increased by 2.8% of OOIP when the injected fluid
was switched to LS water (Figure 3a). After reaching residual oil saturation, the scenario
of the new combination was performed. The injected fluid switched to steam and a whole
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PV was injected into the core with incremental recovery of about 1.86% of OOIP. Upon
switching to LS water (90°C), the ultimate oil recovery increased by 3.7% of OOIP.
The injection pressure increased continuously up to 426 psi while injecting FW
until the pressure stabilized at 180 psi. The largest pressure occurred while injecting FW
because of the displacement of the heavy oil. The highest injection pressure during LS
water flooding was at 194 psi, and the pressure stabilized at that point. The injection
pressure decreased slightly during steam and LS water flooding (Figure 4a).
The pH observations show an upward shift in effluent pH between FW and LS
water. The reason behind this shift is traditionally ascribed to the exchange of H+ for Ca2+
on clay (Brady et al. 2015) and quartz surfaces (Al-Saedi et al. 2018). The effluent pH was
7.09 for FW and 8.95 for LS water. The pH upward shift during steam + LS water flooding
was similar in magnitude to that observed in the LS water effluent (Figure 5a).

3.2. SCENARIO#2
The secondary and tertiary oil recovery was similar to that observed in Scenario#1.
The ultimate oil recovery during FW flooding was 41.8%, while it increased by 2.7% of
OOIP with LS water flooding. As pointed out previously, the injected fluids in this scenario
were 0.5 PV steam + 1 PV LS water + 0.5 PV steam + 1 PV LS water.
There was no additional recovery during the first and second steam flooding. The
first LS water flooding produced an additional oil recovery of 2.6%, while the second LS
water cycle (after steam flood) increased the recovery up to 10.6% of OOIP providing a
total recovery of about 57.8% of OOIP. This recovery was greater than in Scenario#1
(48.4%) with the same injection of PV as in Scenario#1 (7 PV) (Figure 3b). The injection
pressure and pH were quite similar as in Scenario#1.
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The injection pressure readings (Figure 4b) during the FW were the higher ones
among the other readings due to the heavy oil displacement. The pressure was 406 psi
during FW flooding until reaching 178 psi and then stabilized at that value. During LS
water flooding the injection pressure started to decline until it stabilized at 105 psi. The
injection pressure was kept at the same trend for the next cycle steam + LS water flooding.
Figure 5b shows a significant pH jump with LS water and steam + LS water
flooding, because of ion exchange. The pH behavior and magnitude were similar to that in
Scenario#1.

Figure 3. Oil recovery (a) Scenario#1 (b) Scenario#2 (c) Scenario#3 (d) Scenario#4.
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Figure 4. Injection pressure (a) Scenario#1 (b) Scenario#2 (c) Scenario#3 (d) Scenario#4.

3.3. SCENARIO#3
The injected PV in this scenario was half of the injected pore volume in Scenario#2.
The injected PV procedure was 0.25 PV steam + 0.5 LS water + 0.25 steam + 0.5 LS water.
As depicted in Figure 3c, secondary water injection resulted in 40% oil recovery of OOIP.
The incremental oil recovery was 2.8% of OOIP. After injecting 0.25 PV of steam, no
additional oil recovery was observed. The injected 0.5 LS water increased the recovery by
8% of OOIP. No increased oil recovery was observed during the first steam injection, while
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the second LS water flooding added an additional recovery of 11.9% of OOIP. Figure 4c
shows a normal pressure trend with injected PV compared with the previous scenarios.

3.4. SCENARIO#4
The flooding procedure differs from the previous scenarios by huffing steam to the
core after the secondary and tertiary processes. The steam was huffed by 0.9 PV for half
an hour and then puffed, and the procedure then was 0.5 LS water + 0.5 steam + 0.5 LS
water injected. The oil recovery by injecting FW was 42% OOIP, while the incremental oil
recovery was 3% of OOIP when switching from FW to LS water. During the huffing
process, the core holder was closed from two ends. The incremental ultimate oil recovery
was 7% of OOIP during first LS water flooding (after huff and puff). After injecting 0.5
PV steam, the additional recovery was 2% OOIP. Upon switching the injection fluid to LS
water, and after injecting 0.5 PV of LS water, the incremental oil recovery was 6% OOIP
(Figure 3d).
The pressure readings were much lower than the other scenarios because of the
huffing process, which led to a decrease in the oil viscosity (Figure 4d). The pH observation
was similar to that in other scenarios (Figure 5d).

3.5. SUMMARY OF RESULTS
It can be observed from the four scenarios that the shorter the flood cycles, the
greater the oil recovery. The total injected PV in Scenarios#1 and 2 was 7 PV, while it was
5 PV in Scenarios#3 and 4. Even though the PVs were greater than in Scenarios#3 and 4,
the total oil recoveries were smaller than in Scenarios#1 and 2. The short cycles of steam
and LS water provided a thermal expansion to the oil in addition to reducing oil viscosity.
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The larger cycles provided reducing oil viscosities only; for that reason, the recoveries were
smaller in Scenarios#1 and 2. When comparing Scenario#1 and Scenario#2, the latter had
a larger recovery due to the double cycles of steam and LS water flooding. The total oil
recovery from Scenaro#1 was 50% OOIP, while it was 57.8% OOIP from Scenario#2. It
is likely that Scenario#3 had an oil recovery greater than in Scenario#2 due to reducing the
injected pore volumes, although the cycles were in the same manner because a thermal
expansion of the oil was provided. The total oil recovery from Scenario#3 was 62.3% of
OOIP. Scenario#4 had an oil recovery close to that in Scenario#3. The total oil recovery
was 60% OOIP. Huffing steam to the core promotes reducing oil viscosity much more than
just flooding the steam as in the other scenarios. Comparing Scenario#4 with Scenario#2,
the procedure and the injected PV were similar, but the recovery was greater in Scenario#4
because of the steam huff effect. However, the proposed scenarios improved the vertical
conformance of injected steam, but in different ranges.

3.6. CONTACT ANGLE MEASUREMENTS
The cores were saturated with crude oil and then cut to a substrate. The needle was
located at the substrate bottom and oil drop initiated inside the LSWs and contact angles
were measured. After the coreflood has ended, a substrate from a core used in the coreflood
experiments was cut. The contact angles were then measured for both before and after
coreflood. The results are displayed in Figure 6. As mentioned previously, the shorter the
injected cycles are, the more oil recovery is, and after contact angle measurements we can
conclude that the shorter the injected cycles are, the more water-wet rock we obtained.
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Figure 5. Injected and Effluent pH (a) Scenario#1 (b) Scenario#2 (c) Scenario#3 (d)
Scenario#4.

As can be noticed from the results, flooding the core with both LS waters and steam
resulted in more water wetness to the sandstone cores. In addition, the contact angle
measurements before flooding the cores with LSASF indicated that the cores became more
water-wet.

155

Figure 6. Contact angle measurements.

4. CONCLUSIONS

Coupling LS water flooding with steam is a feasible technique for improving heavy
oil recovery. This combination technology can resolve steam problems and alter the steam
by using LS water, which has the ability to increase oil recovery. Steam can reduce oil
viscosity. LS water can alter the wettability towards more water-wet. The results of this
work showed significant additional oil recoveries after the cores reached residual oil
saturation. The interesting and promising results show that we can obtain up to 15%
recovery of original oil in place after the secondary and tertiary treatments. The contact
angle measurements showed that using LSASF turned the sandstone rock towards more
water-wet. So this method not only can reduce heavy oil viscosity, it can also alter the
wettability of sandstone towards more water-wet. This novel method could stop production
of uneconomical steam by injecting LS water alternating with steam. The fuel consumption
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could also be minimized by applying this technique. This combination can help to solve
steam flooding complications and support the injected steam by LS water, which could
enhance heavy oil recovery.
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ABSTRACT

CO2 flooding is an environmentally friendly and cost-effective EOR technique that
can be used to unlock residual oil from oil reservoirs. Smart water is any water that is
engineered by manipulating the ionic composition, regardless of the resulting salinity of
the water. One CO2 flooding mechanism is wettability alteration, which meets with the
main smart water flooding function. Injecting CO2 alone increases the likelihood of an
early breakthrough and gravity override problems, which have already been solved using
water-alternating-gas (WAG) using regular water. WAG is an emerging enhanced oil
recovery process designed to enhance sweep efficiency during gas flooding. In this study,
we propose a new method to improve oil recovery via synergistically smart brine with CO2.
This new method takes advantage of the relative strengths of both processes. We
hypothesized that brine depleted in NaCl provides more oil recovery. We also determined
that depleting NaCl in brine is not the end of the story; diluting divalent cations/anions in
the brine depleted in NaCl provides higher oil recovery. Injecting smart brine depleted in
NaCl with diluted Ca2+ and CO2 resulted in a high oil recovery percentage among the other
scenarios. Thus, the above water design was applied as a WAG in three cycles, which
resulted in a much higher oil recovery of 24.5% of the OOIP. This improved heavy oil
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recovery is a surprising and promising result. The spontaneous imbibition agreed with the
oil recovery results. This study sheds light on how manipulating ions in the water used in
WAG can significantly enhance oil recovery.

1. INTRODUCTION

The injected water ionic composition has surprising and interesting effect on the
efficiency of water flooding. We reported that the concentration of Ca2+ and Mg2+ affects
the wettability alteration of sandstone reservoirs (Al-Saedi et al., 2019a, 2019d). In this
study, we investigate NaCl removal from the brine and combine the resulted optimum
smart water with immiscible CO2 flooding to propose a new water alternating gas (WAG)
process instead of using regular water that used in WAG to provide more oil recovery from
heavy oil reservoirs. We also studied replacing regular water used in WAG with low
salinity (LS) water to attain more oil recovery by altering the sandstone wettability and
enhancing gas sweep efficiency (Al-Saedi et al., 2019d).
Recently, the interest in WAG has increased noticeably to enhance the gas sweep
efficiency. The produced gas has been employed in pressure maintenance and enhanced oil
recovery by contacting the unswept zones, improving gas mobility, and improving
microscopic sweep efficiency. The environmental issues, taxes on CO2, and the regulations
of gas flaring are other advantages of reinjecting the gas (Christensen and Skauge, 1998).
The main functions of injecting CO2 are (1) oil swelling (2) viscosity reduction (3)
wettability modifications. The third function works synergistically with smart water in
wettability alteration towards being more water-wet. Wettability plays a significant role in
the performance of enhanced oil recovery (EOR) methods. Rock wettability can be
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determined by the thickness of the water film between the rock surface and the crude oil
(Hirasaki, 1991). Wettability can be determined by various methods such as AmottHarvey, contact angle, the United States Bureau of Mines (USBM), chromatographic
separation method for carbonate, and chromatographic separation method for sandstone
(Amott, 1959; Donaldson et al., 1969; McCaffery, 1972; Anderson, 1986; Strand et al.,
2006; Al-Saedi et al., 2018). Numerous studies have shown that using smart water can alter
the rock wettability and increase oil recovery in both carbonate and sandstone reservoirs
(RezaeiDoust et al., 2009; Strand et al., 2009; Fathi et al., 2010, 2011; RezaeiDoust et al.,
2011; Austad, 2013; Ghosh et al., 2016; Strand and Puntervold, 2018; Al-Saedi and Flori
et al., 2018g). Other than the multifunctional features that CO2 provides, rock wettability
alteration is one of the main advantages (Stalkup, 1987; Grigg, 1998, 1999; Ghedan, 2009;
Salem and Moawad, 2013). The resulting residual oil saturation after the WAG process
(CO2 alternating with LS water) is lower than the residual oil saturation from water
flooding alone and CO2 flooding alone (Wylie and Mohanty, 1999). The remaining oil
saturation after WAG by LS water is lower than that in WAG using formation water (FW)
(Al-Saedi et al., 2019h). We believe that smartening the water will provide a lower residual
oil saturation. To our knowledge, no experimental studies have been performed to consider
brine composition manipulation combined with CO2 flooding. Series of core-flooding
experiments and spontaneous imbibition tests have been carried out to investigate the
proposed study. Heavy crude oil and reservoir sandstone core plugs were utilized to apply
the mentioned theory. It is worth mentioning that all CO2 flooding in this study was carried
out in the immiscible state. The brine was prepared at our Lab., and we manipulate the
composition of it. Smart brine depleted in NaCl means the NaCl is zero ppm. This study
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investigates smartening brine and combines it with CO2 in the areas close to the brine due
to the cost issues. However, we can smarten the FW produced from Bartlesville reservoir
the same way we did with brine and combine it with CO2.

2. EXPERIMENTAL METHODOLOGY

In order to evaluate our new proposed method, several successively core-flood
experiments of smart water and CO2 were conducted. The core-flood experiments include
injection of the brine, smart brine sequentially, and ultimately CO2 in reservoir sandstone
cores taken from Bartlesville Sandstone Reservoir (Eastern Kansas). The core-flood
experiments provided promising results that could change the traditional EOR methods.
The cores were delivered fully saturated with reservoir fluids and well coated with
plastic wrap. Because the cores were bearing heavy oil, the following procedure was
carried out:
1. The cores were cleaned by injecting kerosene until a clear effluent was observed.
2. Toluene was then pumped to displace the kerosene and to achieve extra cleaning.
3. Water with 3000 ppm NaCl replaced toluene and for dissolving formation water
(FW) fluids.
4. The cores were then transferred to Soxhlet extractor for further cleaning.
5. The cores spent one day drying in the oven at 80°C.
The cores were then transferred to a vacuum container for evacuation purposes. A
one-day vacuum was performed on all the cores; after that, synthetic FW with salinity of
104,000 ppm was presented to the cores under vacuum. FW basically consists of NaCl,
CaCl2, MgCl2, Na2SO4, and KCl. Brine contains the same salts except for KCl. The brine
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description is shown in Table 1. The XRD test on the reservoir core fragments indicated
that the abundant minerals are quartz followed by clays. Crude oil was delivered from the
same reservoir with viscosity around 600 cP and 0.83 gm/cc density. The crude oil was
diluted with heptane in a 10/90 heptane/oil ratio. The resulting oil properties after dilution
are shown in Table 2.
Porosity was measured by the weight difference between dry and wet weight. To
saturate FW in the cores, a high injection pressure of 1000 psi was applied with an injection
rate of 0.25 ml/min. FW was injected into the core to measure permeability using different
flow rates. The criteria for changing the flow rate was obtaining a constant pressure. The
FW was then displaced by three pore volumes (PVs) crude oil in both directions to establish
Swi, taking the same permeability measurement criteria in addition to no water observation
in the effluent. To saturate crude oil in the cores, the same FW saturation procedure was
performed. The cores were then aged in the crude oil for three weeks at 90°C to bring back
the initial wettability.
After pre-aging duration has completed, the cores were then flooded with 2 PVs
brine followed by 3 PVs smart brines (SMB) (SMB are described in Table 1), and then 5
PVs of CO2 at 50°C. Brine and SMB were injected into the cores until no more oil was
produced and the stabilized pressure was observed. The reservoir cores were flooded using
the following scenarios:
1. RC16a was flooded with CO2 only.
2. RC17a was flooded with brine followed by CO2.
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Table 1. Composition of the Injected Brine (mg/l).
Compound FW

BRINE

B–0NaCl

SMB1
0NaCl—
d5Ca

SMB2
0NaCl—
d5Mg

SMB3
0NaCl—
d5SO4

NaCl

81,000

25,000

0

0

0

0

CaCl2

17,000

2000

2000

400

2000

2000

MgCl2

5000

10,500

10,500

10,500

2100

10500

4900

4900

4900

4900

980

Na2SO4
KCl

1000

-

-

-

-

-

TDS

104,000

43,400

18,400

15,800

9,000

13,480

SMB – smart brine

Table 2. Crude Oil Properties.
Viscosity, cP

Density, gm/cc

TAN, mg KOH/g

TBN, mg KOH/g

150

0.821

1.01

1.7

TAN – total acid number; TBN – total base number.

Figure 1. Schematic of the coreflooding system.
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3. RC17b was flooded with brine followed by B–0NaCl and CO2.
4. RC17c was flooded with brine followed by SMB1 and CO2.
5. RC17d was flooded with brine followed by SMB2 and CO2.
6. RC17e was flooded with brine followed by SMB3 and CO2.
7. RC17e was flooded with brine followed by SMB3 and CO2 but in shorter cycles using
our proposed design for low-salinity-alternating-steam-flooding (LSASF) (Al-Saedi and
Flori et al., 2018d), which was 0.5 PV CO2 + 0.5 SMB3 + 0.5 PV CO2 + 0.5 PV SMB3 +
0.5 PV CO2 + 0.5 PV SMB3.
The pressure across the core during core-flooding experiments was recorded using
a pressure transducer on both sides of the core holder. A confining pressure 600 psi higher
than injection pressure was applied on the sandstone reservoir core plugs. The whole
experimental equipment was installed inside the dispatch oven, which was set on 50°C
(Figure 1). The minimum miscible pressure (MMP) was above 2000 psi. The backpressure
regulator was established at 1200 psi, which provides immiscible CO2 conditions.

2.1. CONTACT-ANGLE MEASUREMENTS
The same brines that were used in the core-flooding experiments were also used for
this test. The core substrates were cut and sanded on two sides using fine sandpaper. The
substrates were treated with air to remove minerals’ fins and were then rinsed with
deionized water and treated again with air. The wet substrates were mounted in the oven
to dry. The substrates were then attached to the glass platelet by glue. The specified brine
was poured into the test chamber, and the entire glass platelet and the substrate were
immersed inside the chamber until the substrate was immersed completely in the brine.
The oil droplet was initiated via needle underneath the substrate until the droplet attached
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to the substrate surface. The light source and digital camera in the Ramé-hart advanced
goniometer 500-F1 were used to measure contact angle using the pendant drop method.

2.2. SPONTANEOUS IMBIBITION TEST
For further wettability investigation of our proposed procedure, an imbibition test
was conducted using the Amott cell. The cores that were used in the core-flooding
experiments were cleaned as described previously and used in a spontaneous imbibition
test. This was performed to limit the measurements’ uncertainty due to mineralogy. Five
brines were used, brine, B–0NaCl, SMB1, SMB2, and SMB3. RC17a, RC17b, RC17c,
RC17d, and RC17e were immersed in an Amott cells filled with brine, B–0NaCl, SMB1,
SMB2, and SMB3, respectively. The cores were immersed in the imbibing fluid for 20
days.

3. RESULTS AND DISCUSSIONS

3.1. CO2 FLOODING
The results of this experiment are plotted vs. injected PVs in Figure 2. In this
experiment, only CO2 was injected to compare our findings with injecting gas only. RC16a
was allotted for this experiment. The total injected pore volumes were 5 PVs. No oil
recovery was observed at the beginning of CO2 flooding. The oil produced out the core
after injecting 0.25 PV CO2. The pressure drop started at zero and kept increasing until
reaching 7.4 psi after injecting 0.7 PV CO2; thereafter, the pressure declined. The
inclination of the pressure to decline began when the CO2 breakthrough occurred, which is
marked by the red point on the oil recovery curve. The oil recovery increased linearly until
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the gas breakthrough. The oil recovery at the gas breakthrough point was 38%. The gas
breakthrough causes oil recovery to reduce before injecting one complete PV (as usually
happens when injecting water). However, the oil recovery increased slowly from the 0.7
PV point until injecting a total of 2.1 PV CO2. At this point, the oil stopped flowing out of
the system until all 5 PVs CO2 was injected. The total oil recovery was 45.8% of the OOIP.
The pressure dropped from 7.4 psi at the breakthrough until reaching 0.1 psi. As can be
seen from this experiment, an early breakthrough occurred because of the low CO2 density.

3.2. BRINE AND CO2 FLOODING
This experiment was conducted on RC17a. Contrary to the previous experiment,
the core was flooded initially with brine in the secondary recovery mode, and then followed
with CO2 in the tertiary recovery mode. As discussed earlier in the methodology section, 2
PVs of brine was injected initially, followed with 5 PVs CO2. This experiment was
conducted in order to illustrate what would happened if we inject water before CO2 in
contrast to the previous experiment. The oil recovery due to injecting 2 PVs brine was
43.64% of the original oil in place (OOIP). This recovery percentage was lower than
injecting CO2 alone. Despite poor sweep efficiency, CO2 has multiple functions in
improving oil recoveries, such as oil swelling and viscosity reduction. However, upon
switching to CO2 flooding, the oil recovery improved to 47.64% of the OOIP, meaning that
injecting 5 PVs of CO2 after brine provided 4% of the OOIP. The experimental results of
this experiment are shown in Figure 3. The injected PVs in this experiment is larger in 2
PVs, but the oil recovery stopped to increase after injecting less than 2 PVs of CO2. Thus,
the PVs differences cannot be considered as an influencing factor. As a result, the total oil
recovery from this experiment is higher than the previous one that injected CO2 only. It is
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obvious that injecting brine before CO2 was able to improve the CO2 sweep efficiency, and
in turn, the oil recovery was improved too.

3.3. BRINE, B–0NaCl, AND CO2 FLOODING
In this experiment, the effect of NaCl depletion in brine was investigated. The coreflooding procedure was in injecting 2 PVs brine in the secondary recovery mode followed
by 3 PVs B–0NaCl and then 5 PVs CO2. The oil recovery by injecting 2 PVs brine was
43.4% of the OOIP, which was similar to that in the previous experiment (43.4% vs.
43.64%). This indicated that the reservoir cores and the experimental conditions were
similar. The next injected 3 PVs of B–0NaCl provided 2.85% of the OOIP, meaning that
removing NaCl from brine can be more beneficial than injecting brine as it is. This result
of B–0NaCl can be applied in water flooding or WAG or any EOR method. However, the
injected fluid was then switched to CO2, and the oil recovery due to injecting 5 PVs of CO2
was 6.45% of the OOIP.
The improved oil recovery in this experiment was higher than the previous one and
the CO2 only one. This higher recovery occurs from injecting the brine depleted in NaCl.
Removing NaCl from brine can alter sandstone wettability towards water-wet status (see
imbibition and contact angle tests). The active cations that affect EOR performance in
sandstone were discussed in our previous studies (Al-Saedi et al., 2019a, 2019d). We found
that Ca2+ and Mg2+ are the most effective cations, Ca2+ the most effective. In this
experiment, the non-effective ions (i.e., NaCl) are investigated, and it seems to influence
oil recovery. However, this will be explained in imbibition and contact angle results. The
total injected PVs was not effective since dead injected volume was the most abundant as
discussed in the previous experiment. The results are plotted in Figure 4.
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Figure 2. Oil recovery factor and pressure drop across RC16a after injecting 5 PVs of
CO2 only (Al-Saedi et al, 2019g).
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Figure 3. Oil recovery factor for RC17a after injecting 2 PVs of brine as a secondary
recovery mode and 5 PVs of CO2 as a tertiary recovery mode.
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Figure 4. Oil recovery factor for RC17b after injecting 2 PVs of brine as a secondary
recovery mode and 3 and 5 PVs of B–0NaCl and CO2 as a tertiary recovery mode,
respectively.

3.4. SMART WATER BRINES AND CO2
The objective of the following experiments was to verify if modified brine could
enhance oil recovery, so that they can be merged with CO2.

3.5. BRINE, SMB1 AND CO2
A similar secondary recovery mode was conducted by injecting brine as that in the
previous experiments. The experimental procedure was injecting 2 PVs brine, 3 PVs
SMB1, and 5 PVs CO2. SMB1 is B–0NaCl with diluting Ca2+ five times. The oil recovery
due to brine flooding was also similar to that in the previous experiments, which means the
conditions are the same for all the experiments. Injecting brine resulted in 44.2% of the
OOIP. An additional 6.1% of the OOIP was observed after injecting SMB1. Diluting Ca2+
in the B–0NaCl added additional positive effect on the brine EOR flooding. It is clear that
manipulating the brine composition affects the oil recovery. The improved oil recovery in
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this experiment was higher than the previous one (6.1% vs. 2.85%). The additional oil
recovery from sandstone reservoirs is mostly due to wettability alteration towards being
more water-wet. Diluting Ca2+ five times triggers the wettability of the sandstone core plug
to be altered towards water-wet. This water-wet condition is also favorable conditions must
be present before CO2 flooding to obtain a higher oil recovery. For that, the oil recovery
after injecting 5 PVs of CO2 provided an additional oil recovery of 13.15% of the OOIP,
which was undoubtedly the highest among the previous experiments. This higher recovery
can be explained by the decreased solubility of the CO2 in brine as the divalent cations
decreased. This low solubility in brine redirects CO2 to be more soluble in the crude oil,
which helps to swell the oil and reduce its viscosity. We conducted CO2 solubility in
different brines, and as a result lower solubility of CO2 was observed in the brine containing
a lower Ca2+ concentration. It is worth mentioning that although the salinity of SMB1 is
higher than SMB2 and SMB3, it produced higher oil. The results are shown in Figure 5.

3.6. BRINE, SMB2 AND CO2
Completing the investigation of depleting NaCl in brine with manipulating other
ions, this experiment was performed the same way as the previous one, but instead of
diluting Ca2+, this time Mg2+ was diluted five times. The initial 2 PVs of injected brine
resulted in 42.55% of the OOIP, which was also similar to the previous experiments. After
that, the SMB2 was injected. The injected 3 PVs of SMB2 resulted in a 4% improved oil
recovery. This improved recovery percentage is lower than the previous experiment when
Ca2+ was diluted five times because Ca2+ can get closer to the oil and mineral surfaces than
Mg2+ and have a more significant effect. The explanation for the more substantial Ca2+
effect can be found precisely in our study Al-Saedi et al. (2019a). A lower Mg2+ effect is
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undoubtedly influencing the CO2 flooding as explained in the previous experiment. As was
expected, the improved oil recovery by CO2 was lower than the previous experiment, which
was 8.1% of the OOIP. The ultimate enhanced oil recovery of this experiment was 12.1%
of the OOIP. Compared to the previous experiment, the improved oil recovery was 12.1%
vs. 19.25%. The experimental results are shown in Figure 6.
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Figure 5. Oil recovery factor for RC17c after injecting 2 PVs of brine as a secondary
recovery mode and 3 and 5 PVs of SMB1 (B–0NaCl—d5Ca) and CO2 as a tertiary
recovery mode, respectively.

3.7. BRINE, SMB3 AND CO2
RC17e was allotted for this experiment. This experiment is the final investigation
of manipulating ions in the brine depleted in NaCl. Similar to all experiments carried on, 2
PVs of injected brine produced 42.6% of the OOIP. Upon switching to SMB3, the
improved oil recovery was 3.8%, which was similar to that in SMB2 and way below SMB1.
The SMB3 alters the wettability towards more water-wet, but SMB1 does not. The
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improved oil recovery due to CO2 flooding provided 9.43% more of the OOIP. Results of
this study are illustrated in Figure 7.
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Figure 6. Oil recovery factor for RC17d after injecting 2 PVs of brine as a secondary
recovery mode and 3 and 5 PVs of SMB2 (B–0NaCl—d5Mg) and CO2 as a
tertiary recovery mode, respectively.

Up to this point, the highest oil recovery was observed when flooding the RC17c
with SMB1. SMB1 was clearly able to increase water wetness more than the other smart
water brines. So, the design published in our study Al-Saedi et al. (2018d) was applied
using SMB1 to obtain a higher oil recovery from sandstone reservoirs bearing heavy oil.

3.8. BRINE AND WAG OF SMB1 AND CO2
As stated previously, this experiment exploited the design used in our published
article to enhance the steam sweep efficiency. Three cycles of SMB1 and CO2 0.5 PV each
in each cycle was conducted on RC17f. The secondary recovery mode by injecting 2 PVs
of brine produced 43.4% of the OOIP, which was also similar to all core-flooding
experiments conducted in this study.
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The pressure drop across this core was recorded to monitor the pressure behavior
during the WAG process. The pressure drop across RC17f during brine flooding increased
slowly until stabilizing at more than 4 psi. The first cycle of SMB1-CO2 increased oil
recovery noticeably. The observed improved oil recovery was 11.3% of the OOIP. Only 1
PV of SMB1-CO2 produced oil more than B–0NaCl and CO2 with many PVs. The second
cycles resulted in another 8.15% OOIP.
The first and second cycles both improved the oil recovery up to 19.45%, which
represents the highest oil recovery of all the experiments conducted in this study with
injecting only 2 PVs of SMB1 and CO2. The improved oil recovery during the third cycles
reached 5.5% of the OOIP. The total improved oil recovery from the WAG process was
24.5% of the OOIP. Only 3 PVs of SMB-CO2 provided 24.5% of the OOIP.
The optimum ion composition with the right selection of flooding design could
extract vast quantities of heavy crude oil with less injected pore volumes and lower cost.
Injecting the first 0.5 PV of SMWS1 did not significantly affect the pressure drop profile,
but during CO2 flooding, the pressure drop decreased dramatically due to its low density.
The pressure profile maintained the same behavior of increasing and decreasing
while injecting SMB1 and CO2 until the flooding was terminated at 5 PVs. The results of
oil recovery and pressure drop versus injected pore volume are plotted in Figure 8. The
continuous pressure increasing occurred after injecting 0.3 PVs of water injection might be
due to fines migration, which blocked the pore throats and led to increasing the pressure.
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Figure 7. Oil recovery factor for RC17e after injecting 2 PVs of brine as a secondary
recovery mode and 3 and 5 PVs of SMB3 (B–0NaCl—d5SO4) and CO2 as a tertiary
recovery mode, respectively.
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Figure 8. Oil recovery factor for RC17f after injecting 2 PVs of brine as a secondary
recovery mode and three cycles of SMB3 (B–0NaCl—d5Ca) and CO2 (3 PVs total, each
cycle 0.5 PV of each) as a tertiary recovery mode, respectively.
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3.9. WETTABILITY INVESTIGATION
The same brines that were used in the core-flooding experiments were used in this
test. The procedure was illustrated in the methodology section. The results of this test are
shown in Figure 9. As can be noticed from Figure 9, the lowest contact angle was observed
with SMB1, confirming the vital role of depleting NaCl in brine in addition to diluting
Ca2+. The importance of depleting NaCl in brine can be seen from the contact angle
difference of brine and B–0NaCl. The other smart water brines showed a low contact angle
but higher than SMB1.
On the other hand, spontaneous imbibition test results agreed with the contact angle
and core-flooding experiments results. The brines imbibed into the cores and the oil
released from the core in an average 15 days. The imbibition observation was terminated
after 20 days, when there was no more oil floating in the Amott cell. As expected, the
highest oil recovery was observed in the core imbibed in SMB1. This observation confirms
the role of SMB1 in altering wettability of the sandstone core plug into water-wet
condition. The same was observed for both SMB2 and SMB3 but at lower oil recovery
percentage.
As expected, the oil recovered from the core imbibed in the B–0NaCl was higher
than that in the brine. Depleting NaCl in brine triggers wettability alteration of the
sandstone core plug towards more water-wet. The imbibition test results are shown in
Figure 10. Even though the salinity of SMB1 is higher than SMB2 and SMB3, the extracted
oil from the core imbibed in SMB1 is greater.

177

Contact Angle, degrees

160

120

80

40

0
SW

SW–0NaCl

SMSW1

SMSW2

SMSW3

Figure 9. Contact angle results of the brines used in this study.

50
SW

SW–0NaCl

SMSW1

SMSW2

SMSW3

Oil Recovery, %

40
30
20
10
0
0

5

10

15

20

Time, days

Figure 10. Oil recovery results from imbibition test.

4. CONCLUSIONS

This study was presented with the purpose of extracting more oil from sandstone
reservoirs bearing heavy oil. Usually, heavy oil reservoirs are treated with thermal EOR
methods, which are considered expensive and have technical difficulties such as heat loss
in the reservoir and a thick pay zone must be present. However, we proposed different
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chemical compositions of brine be injected with CO2 instead of regular water, which
presents only sweep efficiency enhancement. Brine could be more beneficial than regular
water if its composition is engineered perfectly. Depleting NaCl in brine was one of our
solutions and provided 10% more OOIP than brine with CO2. We also manipulated the
depleted brine in NaCl in order to extract as much heavy oil possible. The results of this
study indicated that if brine is depleted in NaCl and then the concentration of Ca2+ is diluted
five times, the improved oil recovery could reach 19.25% of the OOIP. The results also
showed if the same water mentioned above is alternated with CO2 in smaller slug size, the
improved oil recovery can reach 24.5% of the OOIP. The other ion manipulation resulted
in a higher oil recovery of 12.1 and 13.23%. It is worth mentioning that the total injected
pore volumes of SMB1 alternating CO2 were lower than the entire experiments in this
study. Thus, this design provided a higher heavy oil recovery and lower operational cost at
the same time. Also, SMB1 salinity is higher than in SMB2, and SMB3 indicated that
salinity reduction does not always provide higher recovery. We believe that further
investigation of diluting/depleting Ca2+ and/or the other divalent cations/anions in brine
could give much higher oil recovery than what we observed in this study.
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SECTION

3. CONCLUSIONS AND RECOMMENDATIONS

3.1. CONCLUSIONS
This dissertation seeks to quantify the effects of mineral composition and water
chemistry on water-rock interactions and wettability alteration during LS water flooding in
sandstone reservoirs. The clay role, water chemistry, and the important role of pH in the
water flooding of LS water in sandstone as a function of temperature were investigated.
We performed a comprehensive investigation of how LS water work and what are the
mechanisms underlying behind it. A novel and new mechanisms were proposed and
another novel EOR techniques were presented through this dissertation. Knowing how LS
water work help to unlock residual oil saturation which cover the global oil demand. The
general conclusion can be drawn as follows:
•

Existence of clays in sandstone is important for oil release, but not essential. Clays
in sandstone are thought to be a key factor in LS water flooding, the summary of
the new findings is the clays are not essential depending on the surface reactivity
tests that were done on quartz. The approach of this work is that it allows us to
isolate the interplay between ion exchange, pH, and oil recovery, which should
allow us to better decode the chemical mechanisms that control LS water EOR
flooding in clay-free sandstones.

•

The experimental studies confirmed that more additional oil recoveries can be
obtained by diluting/depleting Ca2+ other than the other ions. We believe that the
more injected Ca2+ and Mg2+ (positively charged), the more –COOCa+ and –
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COOMg groups will be configured inside the core, resulting in more –COOCa+
+

and –COOMg+ affinity to the negatively charged quartz and clay surfaces, hence
increasing oil wetness of the sandstone and decreasing oil recovery. Most of the
kaolinite sites are occupied by Ca2+ (higher affixed by kaolinite edge) and Mg2+,
forming Al-O-Ca+ and Si-O-Ca+, Al-O-Mg+, and Si-O-Mg+. Decreasing Ca2+ will
decrease the high surface complexes and more oil recovery will be obtained.
Decreasing Mg2+ is also a beneficial factor that could provide more oil recovery but
not as great as Ca2+ because Mg2+ cannot sorb as closely from kaolinite edges as
Ca2+ does.
•

Divalent cations in FW in sandstone reservoirs are thought to be a key factor in LS
water flooding, this dissertation investigated this aspect to better understand the
role of divalent cations in FW on oil recovery. Divalent cations (Ca2+ and Mg2+) in
FW are essential to LS oil recovery, but only to a certain point. The absence of
divalent cations in FW prompts a large LS water effect. The divalent cation-free
core showed more LS water EOR effect than the cores containing higher (doubled)
concentrations of divalent cations. The more the Ca2+ concentration in FW the cores
behaved like strongly water-wet. The divalent cations in FW could also have an
effect on the initial core wettability. Mg2+ in FW was found more effective than
Ca2+ on oil recovery even at high concentrations.

•

The effect of divalent cations in LS water was also investigated. When Mg2+ exists
in the LS water, there is no oil recovery improvement during LS water flooding.
There is no pH jump. It seems Mg2+ disrupts LS water EOR effect. Abundance of
Mg2+ in the injected LS water could provide 0% in oil recovery improvement, but
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2+

diluting the Mg

to 10 times could improve the oil recovery. The abundance of

Ca2+ in the injected LS water could improve the oil recovery; however, diluting the
Ca2+ in the injected LS water is required for extra oil recovery improvement.
•

We come up with a method to measure sandstone wettability only by Ca2+ and Brchromatographic separation. The new wettability test proposed both calcium and
bromine contacting the same water-wet area in sandstone. The area between the
two curve divided by the area obtained from 100% water-wet core is the new
wettability index. Temperature is an essential factor. As the temperature increased,
the wettability index decreased.
The test can measure the neutral wettability. Using the new wettability test
showed that sequential HS-LS water flooding could alter the wettability from
neutral-wet condition towards more water-wet in the same core. The advantages of
this method are time efficiency and low measurement error.

•

This study introduces a new approach for WASP in thermal EOR techniques. The
water used for the WASP method in this study was an LS water, and thus we call it
Low Salinity Water Alternating Steam Flooding (LSASF).
WASP was proposed to overcome the companion problems with steam
injection such as gravity override. LSASF is proposed in this study to lessen the
steam override problems and to alter the reservoir rock wettability to recover more
oil by enhancing sweep efficiency, changing wettability, and by using the low
salinity hot water for additional thermal oil viscosity reduction.
The results of this study reveal LSHW is an excellent candidate to replace
regular water that was used in WASP EOR. Similarly, injecting LSHW to
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sandstone core provided more oil recovery than injecting steam and FHW, meaning
that the benefit of LSHW is not only supplying heat, but also altering the wettability
as well.
• A high steam–oil ratio was observed, even though we aimed to inject less than one
PV of steam. The high steam–oil ratio means that the heat inside the core is not being
held in the core sufficiently, and the fluids inside the core and a high portion of the
steam flow in paths inside the core without displacing the crude oil. LSASF, on the
other hand, takes the largest percentage of the heat energy from both injected hot LS
water and the steam. Both fluids can flow together throughout the core (or reservoir)
and increase the vertical conformance. The results showed a higher wettability
alteration for cores flooded with LSWs+steam than for the cores flooded with LSWs
only, due to the steam’s role in reducing residual oil saturation. In addition, shorter
cycles of LSASF could provide additional oil recovery and more water–wet rock.
•

LS water is very effective in altering sandstone wettability and causing it to become
water–wet. In this dissertation, we found that using steam with LS water provided
a more water–wet environment. Using steam can help in reduce LS water problems
(such as precipitation). Steam could help in washing out sandstone through
increasing the average mineral dissolution, reducing precipitation, improving
permeability, and increasing fines mobilization, and as a result, steam participates
with LS water in increasing oil recovery.

•

Supporting steam via LS water is a viable, novel technique we developed in order
to gather the benefits of LS water (such as altering wettability) and the benefits of
steam (such as reducing oil viscosity), and minimize the steam problems due to
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density differences between the steam and high viscous oil (such as steam gravity
override, channeling, and early breakthrough).
•

This dissertation also presented another new technology of miscible CO2 flooding
with LS water flooding in heavy oil reservoirs. LS water is known as a wettability
modifier towards more water-wet conditions. CO2 is tested to increase oil recovery
by swelling the oil and reducing oil viscosity. The combination is an excellent
candidate to enhance oil recovery from heavy oil reservoirs.
✓ LS water is better than regular water used in WAG process.
✓ Injecting CO2 alone without altering it with FW provided higher oil
recovery.
✓ The shorter the LS water-CO2 cycles, the more oil recovery is obtained.
✓ The shorter the LS water-CO2 cycles, the more water-wet rock is obtained.
✓ The CO2 solubility in LS water is lower than in FW, which explains the
higher oil recovery by LS water in addition to its role as a wettability
modifier. Thus, higher solubility in crude oil triggers more oil recovery.
✓ Combining huff and puff with LS-CO2 WAG is the best among all the
scenarios.

•

One of the purposes of injecting CO2 into hydrocarbon reservoirs is to keep the
unfavorable CO2 to be present in the atmosphere. The other significant purpose is
to increase oil recovery. To achieve both goals, CO2 must remain inside the oil
reservoirs as much as the project can. CO2 flooding alone in secondary recovery
mode is better than FW flooding, but an early breakthrough was observed after
injecting 0.6 PV CO2. LS water is shown to improve oil recovery but controlling

188
the chemistry of the LS water is also significant to obtain more oil recovery.
Reducing solubility of CO2 in LS water is an excellent factor to redirect the CO2 to
dissolve in crude oil, and in turn, reduce the oil viscosity and increase oil recovery.

3.2. RECOMMENDATIONS
This study targeting LS water flooding and the mechanisms underlying behind it.
We did clarify the chemical reaction that occurred during injecting LS water into sandstone
reservoirs and why the oil recovery has improved. Another novel EOR technique were
proposed by synergistically combination of LS water with other EOR technologies. Our
recommendations, based on that, will be:
•

Reuse our findings on carbonate reservoirs.

•

Simulation studies would be required to simulate the process of oil recovery by
LS water alone and combination of LS water with other EOR techniques such as
steam and CO2 injection in wide scale of oil viscosities using data from coreflood
experiments reported in this study.

•

Simulate the laboratory data from this study by PHREEQC or any other reactive
transport model.

•

Simulate the novel coupling EOR presented in this study.

•

LS water can be combined with more EOR methods such as foam, Nano gel,
Nano materials, foam, alkaline and other EOR techniques overcome IFT,
wettability alteration and increase oil recovery.
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•

The experimental data we present are tremendous, a simulation study and
mathematical models are recommended to upscale the laboratory scale to field
scale.
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